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RESUMO 
 
A páprica é uma das especiarias mais consumidas no mundo, e devido aos seus atributos 
sensoriais desejáveis, ela apresenta um alto valor de mercado. Embora especiarias como 
o pó de páprica sejam usadas e consumidas apenas em pequenas quantidades, elas estão 
presentes em muitos alimentos processados. Em razão disso, ela se torna susceptível a 
adulteração por motivação econômica. Por esse motivo, muitos esforços têm sido feitos 
no desenvolvimento de técnicas analíticas para detecção dessas práticas fraudulentas. No 
entanto, muitas dessas técnicas tradicionais são destrutivas, utilizam reagentes químicos 
e seu uso é dispendioso e demorado. Por outro lado, técnicas de espectroscopia 
vibracional, aliadas a quimiometria, surgem como uma alternativa promissora na 
detecção de adulteração na indústria de ervas e especiarias. O uso dessas técnicas traz 
como vantagens a rapidez e a natureza não-destrutiva das análises. Dessa forma, a 
espectroscopia de infravermelho próximo (NIR) tem sido utilizada com êxito, na 
verificação da autenticidade e no controle de qualidade desses produtos. Diante disso, o 
presente trabalho teve como objetivo investigar as potencialidades da espectroscopia 
NIR, em conjunto com a análise multivariada, na detecção e quantificação de substâncias 
estranhas (fécula de batata, goma arábica e urucum), em páprica em pó. Na determinação 
dos níveis de adulteração, foi utilizada a regressão por mínimos quadrados parciais 
(PLSR). Melhores resultados da calibração PLSR foram obtidos com um número 
reduzido de variáveis, aplicando o método de seleção de variáveis a partir do gráfico dos 
coeficientes de regressão. Como resultado, para os modelos PLSR reduzidos construídos 
a partir dos dados espectrais de NIR, os coeficientes de determinação de predição (R2p) 
foram 0,960, 0,968 e 0,874 para fécula de batata, goma arábica e urucum, respectivamente 
e os erros quadráticos médios de predição (RMSEP) foram 1,86, 1,68 e 1,74, 
respectivamente. Finalmente, a análise discriminante de mínimos quadrados parciais 
(PLS-DA) foi o método utilizado para estabelecer um modelo de classificação para 
discriminar amostras de páprica adulteradas e não adulteradas e também identificar o tipo 
de adulteração. Assim, este método de classificação mostrou-se bastante eficiente, com 
especificidade maior que 90% e taxa de erro menor que 2%, para todos os modelos 
construídos. Os resultados obtidos neste estudo mostraram que a espectroscopia NIR, 
combinada com a quimiometria podem ser uteis para a rápida detecção e/ou quantificação 
da adulteração em páprica em pó. 
  
 
 
PALAVRAS CHAVES: páprica, espectroscopia, infravermelho, Quimiometria, 
especiarias, adulteração.  
 
 
 
 
 
 
 
 
ABSTRACT 
 
Paprika is one of the most consumed spices in the world, and because of its desirable 
sensory attributes, it has a high market value. Although spices such as paprika powder are 
used and consumed only in small amounts, they are present in many processed foods. 
Because of this, it becomes susceptible to adulteration by economic motivation. For this 
reason, much effort has been expended in developing analytical techniques to detect such 
fraudulent practices. However, many of these traditional techniques are destructive, use 
chemical reagents and their use is expensive and time consuming. On the other hand, 
techniques of vibrational spectroscopy, combined with chemometrics, appear as a 
promising alternative in the detection of adulteration in the herb and spice industry. The 
use of these techniques brings as advantages the speed and the non-destructive nature of 
the analyses. Thus, near infrared spectroscopy (NIR) has been successfully used to verify 
the authenticity and quality control of these products. The objective of this study was to 
investigate the potential of NIR spectroscopy, in conjunction with the multivariate 
analysis, in the detection and quantification of foreign substances (potato starch, acacia 
gum and annatto) in powdered paprika. In the determination of adulteration levels, partial 
least squares regression (PLSR) was used. The best results of the PLSR calibration were 
obtained with a reduced number of variables, applying the method of selection of 
variables from the graph of the regression coefficients. As a result, for the reduced PLSR 
models built with NIR spectral data, the prediction determination coefficients (R2p) were 
0.960, 0.968 and 0.874 for potato starch, acacia gum and annatto, respectively, and the 
mean squared errors of prediction (RMSEP) were 1.86, 1.68 and 1.74, respectively. 
Finally, the discriminant analysis of partial least squares (PLS-DA) was the method used 
to establish a classification model to discriminate adulterated and unadulterated paprika 
samples and also to identify the type of adulteration. Hence, this method of classification 
proved to be efficient, with specificity greater than 90% and error rate lower than 2%, for 
all models constructed. The results obtained in this study showed that NIR spectroscopy, 
combined with chemometrics may be useful for the rapid detection and / or quantification 
of paprika powder adulteration. 
 
 
 
Keywords: paprika, spectroscopy, infrared, chemometrics, spices, adulteration. 
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Capítulo 1 – Introdução geral 
1.1. INTRODUÇÃO GERAL 
 
Desde a antiguidade, ervas e especiarias vêm sendo usadas em diferentes 
aplicações, mas é na indústria de alimentos que o uso delas é predominante, 
principalmente para melhorar a aparência e dar sabor aos alimentos (SCHWEIGGERT; 
CARLE; SCHIEBER, 2007). Atualmente, o mercado mundial de especiarias tem 
vivenciado um crescimento vertiginoso, devido à demanda dos consumidores, o que traz 
boas perspectivas futuras de venda (GALVIN-KING; HAUGHEY; ELLIOTT, 2018). No 
entanto, o alto valor de mercado as tornam susceptíveis à fraude (SPINK; MOYER, 
2011). A fraude de alimentos ocorre pela adulteração, substituição parcial de um 
componente e a declaração de informação falsa referente à composição, origem ou 
qualidade do alimento (BARRETO et al., 2018). Em geral, a motivação principal da 
fraude é econômica, já que os adulterantes utilizados são mais baratos ou porque são 
usadas sustâncias químicas para mascarar a qualidade dos produtos (GALVIN-KING; 
HAUGHEY; ELLIOTT, 2018). Nas especiarias, a longa e complexa cadeia de 
distribuição permite que a adulteração seja feita em diversas etapas, tornando sua 
identificação uma tarefa difícil. 
Dentre as especiarias, a páprica aparece como uma das mais consumidas em 
diversos lugares do mundo, devido as características sensoriais desejáveis que ela 
proporciona aos alimentos (ASSELT, VAN; BANACH; FELS-KLERX, VAN DER, 
2018). A principal forma de consumo da páprica (Capsicum annuum L.) é em pó, obtido 
pela moagem dos frutos secos de algumas variedades (SELIEM et al., 2015). Na indústria 
de alimentos, a páprica é utilizada tanto como corante natural, para ajustar ou intensificar 
a cor dos alimentos, quanto para conferir sabor.  
Embora especiarias como o pó de páprica sejam usadas e consumidas apenas em 
pequenas quantidades, elas estão presentes em muitos alimentos processados. Por esse 
motivo, é importante garantir a autenticidade e a qualidade desses produtos, para a 
proteção do consumidor final (ASSELT, VAN; BANACH; FELS-KLERX, VAN DER, 
2018), pois muitos casos de adulteração em ervas e especiarias têm sido reportados 
(GALVIN-KING; HAUGHEY; ELLIOTT, 2018). A fécula de batata, a goma arábica e o 
urucum são compostos de grau alimentício, e por terem baixo valor de mercado, podem 
se tornar potenciais adulterantes para a páprica e outras especiarias, visando basicamente 
o aumento de volume e, consequentemente, um acréscimo nos lucros de venda em 
detrimento da qualidade do produto. 
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Capítulo 1 – Introdução geral 
Embora muitas vezes técnicas tradicionais como microscopia, cromatografia 
líquida de alta performance (HPLC), reação em cadeia da polimerase (PCR) e 
espectrometria de massa tenham sido aplicadas com êxito, elas são destrutivas, utilizam 
reagentes químicos e o uso delas é dispendioso e demorado (DHANYA; SYAMKUMAR; 
SASIKUMAR, 2009; REINHOLDS et al., 2015; TREMLOVÁ, 2001; WOODMAN, 
1941). Em razão disso, muitos esforços têm sido feitos na tentativa de desenvolver 
métodos analíticos para análise e detecção dessas práticas fraudulentas. Por outro lado, 
as técnicas espectroscópicas, aliadas a quimiometria, surgem como uma importante 
ferramenta na detecção de adulteração na indústria de ervas e especiarias (OLIVEIRA, 
CRUZ-TIRADO, BARBIN, 2019). O uso dessas técnicas traz como vantagens a rapidez 
e a natureza não destrutiva das análises.  
Desta forma, a espectroscopia de infravermelho próximo (NIR), é vista como uma 
técnica promissora para a discriminação entre especiarias em pó puras e adulteradas, e ao 
mesmo tempo, para quantificar o teor de adulteração (GALVIN-KING; HAUGHEY; 
ELLIOTT, 2018; SU; SUN, 2018). A espectroscopia NIR é uma técnica não destrutiva já 
consolidada para fins analíticos, bastante utilizada no controle de processo e em análises 
qualitativas e quantitativas nos mais variados segmentos da indústria de alimentos 
(POREP, KAMMERER, CARLE, 2015; GRASSI ALAMPRESE, 2018). No entanto, por 
ser uma técnica pontual, ela é mais eficiente/adequada para análise de amostras onde a 
distribuição do componente a ser analisado é homogênea.  
Embora a espectroscopia NIR tenha sido utilizada na análise e detecção de fraudes 
em algumas especiarias do mercado, como pimenta preta (MCGOVERIN et al., 2012), 
açafrão (PETRAKIS; POLISSIOU, 2017), alho e cebola em pó (LOHUMI et al., 2014; 
LOHUMI; LEE, S.; CHO, 2015), e orégano (BLACK et al., 2016), trabalhos envolvendo 
adulteração de páprica em pó não foram encontrados.  
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Capítulo 2 - Objetivos 
2.1. OBJETIVO GERAL 
 
O objetivo deste estudo foi investigar as potencialidades da espectroscopia NIR, 
em conjunto com a análise multivariada, para a detecção e quantificação adulterantes 
(fécula de batata, goma arábica e urucum) em páprica em pó. 
 
2.1.1. Objetivos específicos 
 
• Identificar possíveis outliers através da análise espectral das amostras de páprica 
puras e os adulterantes. 
• Discriminar as amostras adulteradas e não adulteradas, e identificar o tipo de 
adulterante através da Análise Discriminante pelo Método de Mínimos Quadrados 
Parciais (PLS-DA); 
• Determinar o nível de adulteração em misturas de amostras de páprica em pó 
utilizando a Regressão pelo Método dos Mínimos Quadrados Parciais (PLSR) .
17 
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Abstract 
 
Food fraud in herbs and spices has taken more attention in recent years around the 
world, which has led to new technologies being studied as potential tools for fraud 
identification. Non-targeted technologies have proven to be a useful tool for the 
authentication of herbs and spices. The present review focuses on the use of near-
infrared, hyperspectral imaging, Fourier-transform infrared, Raman, nuclear magnetic 
resonance and electron spin resonance spectroscopy for the authentication of spices, 
which includes determination of origin and irradiated spices and identification of 
adulterants. The methods developed based on vibrational spectroscopy combined with 
chemometric techniques seem to be promising tools for determining the presence of 
adulterants and contaminants in herbs and spices. On the other hand, nuclear magnetic 
resonance seems to be the most efficient technology to determine the origin of herbs 
and spices although, for some cases, studies with near-infrared spectroscopy can be a 
viable substitute. Electron spin resonance spectroscopy is the technique par 
excellence used for the authentication of irradiated herbs and spices, so its use should 
be expanded to many more spices’ varieties. Portable devices are preferred by those 
involved in the food industry, due to its manageability and low cost. Data fusion and 
big data are shown as promising tools for spice fraud control. In conclusion, 
spectroscopic techniques show a great efficiency to authenticate spices, although their 
evaluation must be expanded to other species, to new strategies of data analysis (as 
data fusion and big data) and to the use of portable devices.  
 
 
Keywords: Fraud, image processing, NMR, spectroscopy, spices 
 
 
 
19 
 
Capítulo 3 – Non-targeted analytical methods as a powerful tool for the…  
3.1. INTRODUCTION: AUTHENTICATION OF HERBS AND SPICES 
 
The authentication of foods involves procedures that allow evaluation of whether 
the product complies with the description on its label, and that it complies with the 
regulations and legal standards for its consumption (Abbas et al., 2018). Then, food fraud 
involves adulteration, falsification, substitution and the deliberate labeling of incorrect 
products (Figure 1) (Galvin-King, Haughey, & Elliott, 2018). Food fraud is carried out 
for economic purposes (Spink & Moyer, 2011; Lohumi, Lee, Lee, & Cho, 2015), and is 
generated by improving the perceived quality (adding dyes), reducing production costs 
(partial replacement by other cheaper materials) or allowing the extension of shelf life 
(use of banned chemicals) (Barreto, Cruz-Tirado, Siche, & Quevedo, 2018). As a result, 
it is estimated that global food fraud costs approximately US$49 billion per year 
(McGrath et al., 2018). These high economic losses related to food fraud are a 
consequence of the absence of detection and an increase in scammers (Bouzembrak & 
Marvin, 2016). Also, an international NFS (National Sanitation Foundation) report stated 
that the factors contributing to an increase in food fraud opportunities are: (1) the increase 
in the complexity of supply networks, (2) the rapid development of technology and 
modernization, and (3) the rapid growth of storage and transportation systems (Elliott, 
2014). 
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Figure 1. Cause and consequences of food fraud in spices and herbs 
Source: the author himself 
 
In this context, one of the food markets most susceptible to food fraud is the herb 
and spice market. The global market for herbs and spices was valued at US$4 billion more 
than 10 years ago and has grown since then (Jack, 2006). This increase must be related to 
the increase in the consumption of prepared meals in highly developed countries, where 
time constraints are a relevant factor in day-to-day life. The world market for spices and 
herbs is led by Asia with 81% of global production, followed by Africa with 12%, Latin 
America and the Caribbean with 3.7%, and Europe with barely 2% (CBI, 2015). 
However, Europe still leads the technology in the spice process, generating products with 
higher added value which are distributed in different countries of the world (CBI, 2015). 
Generally, spices and herbs are sold in powder form, and their supply chain is 
quite long and complex, which is why at several points in this chain they are highly 
susceptible to food fraud (Muggeridge & Clay, 2001; Bouzembrak & Marvin, 2016). 
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According to Silvis, van Ruth, van der Fels-Klerx, & Luning (2017) and van Ruth, 
Luning, Silvis, Yang, & Huisman (2018), the supply chain of spices is considered 
moderately vulnerable and the main risk factors are simple adulteration, price, market 
competition and an inadequate detection system in the final products. Proof of this are the 
several reported cases of food fraud in herbs and spices, for example the adulteration of 
paprika powder with lead oxide that caused 60 hospitalizations (Everstine, 2013), the case 
of adulteration of oregano with olive leaves in 2015 in the United Kingdom (Black, 
Haughey, Chevallier, Galvin-King, & Elliott, 2016) and a similar case reported in 
Australia in 2016 (Choice, 2018). Also report have been the adulteration of cumin with 
almond peel or peanut husk in 2015 in the United Kingdom (Independent, 2015), the 
scandal of adulteration of spices with Sudan dye, that cost US$418 million (Kearney, 
2010), and cayenne pepper adulterated with Pb3O4 to give an intense red color (Ellis et 
al., 2012). More recently, the report of the General Directorate for Competition, 
Consumer Affairs and Fraud Control of France (DGCCRF) found that of all spice samples 
evaluated, 81% contained anomalies that were indications of food fraud (for example 
adulteration of Ceylon cinnamon (Cinnamomum verum) with Chinese cinnamon, various 
spices with exogenous starches, and saffron adulterated with safflower or wild saffron) 
and 7% contained allergens that were not reported on the label (DGCCRF, 2018). These 
cases are proof that the processing and manufacture of spices and herbs must be carefully 
supervised, especially in the crushing or milling stages where early adulteration can be 
carried out. Both the industry and government control agencies must take responsibility 
for strengthening their control processes throughout their production and supply chain.  
For this purpose, science has searched for the development of physical and 
chemical methods that evaluate food with high precision, to determine the presence of 
external elements or to identify that the chemical composition has not been detailed 
correctly on the label. Physical methods look for physical parameters of color, density, 
texture, solubility or calorimetry to evaluate food (Lohumi, Lee, Lee, et al., 2015). On the 
other hand, chemical methods such as high-performance liquid chromatography (HPLC) 
and mass spectrometry (MS) use the chemical composition of food to evaluate the 
presence of foreign elements in relation to the average composition or the information on 
the label of a packaged product. Recently, spectroscopic techniques have been developed 
to evaluate a wide variety of foods. These techniques are non-destructive, non-invasive, 
do not use chemical reagents (eco-friendly), in some cases are less expensive and they 
can be adapted to the dynamism of modern industry. 
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Although, at present, the control of risks of food fraud during the supply chain 
constitutes a great investment, addressing and preventing these risks helps economic 
growth, the movement of food through supply chains, and the confidence of the consumer 
(van Ruth, Huisman, & Luning, 2017; Velásquez, Cruz-Tirado, Siche, & Quevedo, 2017). 
On the other hand, the risk control and management approach must be communicated to 
the consumer, because that improves their confidence in the product (De Jonge et al., 
2004), which is necessary since the food fraud scandals in recent years have reduced that 
confidence.  
In that sense, this review provides a complete overview of the application of 
spectroscopy technology to determine food fraud on spices and herbs. The previous 
section gave an overview of food fraud, the cost to the industry and its impact on the 
economy. Subsequently, separate sections are presented to discuss the authentication of 
herbs and spices (including the irradiation process of these products), and a specific 
section addresses the characteristics, applications, potential and limitations of near-
infrared (NIR), Fourier-transform (FT-IR), Raman, hyperspectral imaging (HSI), nuclear 
magnetic resonance (NMR) and electron spin resonance (ESR) spectral techniques. 
Finally, the review provides future trends and conclusions. 
 
3.2. HERBS AND SPICES: COMMON ADULTERANTS AND GEOGRAPHICAL 
ORIGIN 
 
The use of many adulterants and various forms of adulteration, advances in 
technology to hide fraud, the difficulty of detecting compounds external to the condiment 
matrix, and especially the heterogeneity of samples have been reported and studied in the 
literature. In this section, we will address food fraud by addition or substitution. 
 
3.2.1. Adulteration by addition of foreign matter 
 
In this group are found those adulterants that can share physical similarities such 
as granulometry and color, and that commonly have a lower economic value than spices. 
Perhaps one of the most used adulterants is starch (Lee, Lohumi, Cho, Kim, & Lee, 2014; 
Lohumi et al., 2014; Lee et al., 2015; Su & Sun, 2018). Starch is a highly consumed 
carbohydrate and is found as a natural reserve in many foods such as wheat, potatoes, 
cassava and sweet potatoes, among others, and its price as native starch is very low (Cruz-
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Tirado et al., 2017). Exogenous starch (not corresponding to the natural structure of the 
food) alters the quality of powdered spices (such as paprika, curry, turmeric, ginger). 
However, at certain levels of adulteration it causes color variations that are imperceptible 
to the consumer, so strangely there can be reports of adulteration of spices with starch. It 
is worth mentioning that, in certain countries such as Brazil, it is permissible to add up to 
10% starch in paprika powder products, making the detection of fraud even more 
complicated.  
For the unscrupulous, tomato skin and brick powder are very convenient for 
adulterating paprika powder (Lead Action News, 1995; Galaxy Scientific, 2016). Brick 
dust is a very cheap non-food material; it is also a material that is in contact with a wide 
variety of contaminants and directly affects the health of the consumer. A similar case 
occurs with the addition of sawdust and stone powder in chili powder (The Hindu, 2008; 
The Express Tribune, 2016) or chalk powder in turmeric spices (Nallappan, Dash, Ray, 
& Pesala, 2013). On the other hand, although tomato skin comes from a food, it is 
considered a waste product; it is dried and crushed until it generates a fine reddish powder 
that is mixed with paprika without the possibility of being detected visually. These color 
similarities are also used by criminals to adulterate other types of species using different 
food shells, plants or seeds, for example the adulteration of oregano using olive and 
myrtle leaves (Black et al., 2016). 
 
3.2.2. Adulteration by addition inferior production-own materials 
 
Spices can also be adulterated using inferior production-own materials. In essence, 
the volatile compounds present in spices may be affected by long stored periods, which 
could affect the sensory perception of the consumer (Martín et al., 2017) due to variations 
in aroma, flavor and color. These spent spices have low quality and therefore a lower 
value, so they can be used as adulterants and mixed with fresh spices (Food and Drink 
Federation, 2016). It is also common for fresh spices to be mixed with spices that have 
had their valuable components removed. For example, the commercialization of defatted 
paprika as integral paprika (with all its components) (ASTA, 2011). On the other hand, it 
can add "extenders", which are parts of the same plant added in the spices to gain weight 
or increase the volume (Galvin-King, Haughey, & Elliott, 2018; Reinholds, Bartkevics, 
Silvis, van Ruth, & Esslinger, 2015). For example, the addition of non-spice vegetable 
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matter like stamens and safflower in in pure saffron (Petrakis & Polissiou, 2017). Since 
these adulterants and the spice are parts of the same plant, their identification becomes 
very complex (even by DNA). Therefore, new methods must be proposed that allow the 
corroboration of the information on the label and the actual composition of the products. 
It must be considered that the addition of certain foods (that is, Ziziphus 
nummularia or red beet pulp in ground chili [Sasikumar, Syamkumar, Siju, & Dhanya, 
2011]) or residues (i.e. peanut or almonds shells) can cause consumer’s health risks such 
as allergies. It is estimated that 6% of children and 3% of the population suffer from some 
type of food allergy, and 0.6% suffer from peanut allergies (Sicherer & Sampson, 2006). 
For example, there is reported of cases of allergy or anaphylaxis caused by the 
consumption of protein from nuts or tree nuts in cumin or paprika (Garber et al., 2016; 
Agres, 2015). Other problems could be caused by spices adulteration: liver and stomach 
problems caused by the consumption of papaya seeds in black pepper (Lakshmi, 2012) 
or pesticides in olive leaves (typical oregano’s adulterant) can cause toxicity, 
carcinogenicity and mutagenicity (WHO, 2010). 
 
3.2.3. Adulteration by masked quality using colorants 
 
In this group are chemical compounds that are intentionally added to food to make 
it appear fresh, intensifying the color and increasing the price. Despite this, perhaps the 
most dangerous adulterants are synthetic dyes which have been linked to various diseases 
and even death, after their consumption in food (Downham & Collins, 2001). The two 
main types of dyes that can be added illegally to food are (1) azo dyes: Sudan I, II, III and 
IV, orange II, Metanil Yellow and Rhodamine B, and (2) triphenylmethane dyes: green 
malachite and its metabolite green leucomalachite (EFSA, 2005). Principal importance 
has been given to the detection of Sudan in spices such as paprika and chili. Sudan is used 
to achieve a fresh appearance (deep red) in paprika and chili spices, increasing their color 
and making them appear of better quality, which translates into a higher price (Contreras-
Castillo, Cruz-Tirado, & Din Shirahigue, 2016). Sudan I, an industrial dye commonly 
used for coloring clothes and wax, has been categorized as a third genotoxic and 
carcinogenic group by the International Agency for Research on Cancer (Ertaş, Özer, & 
Alasalvar, 2007). Methods based on spectroscopy have been developed to assess the 
presence of Sudan in spices (Di Anibal, Marsal, Callao, & Ruisánchez, 2012; Haughey, 
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Galvin-King, Ho, Bell, & Elliott, 2015; Hu, Wang, Wang, & Lu, 2017), with the objective 
of facilitating new technologies to ensure food security. 
Rhodamine B is an illegal food dye, potentially carcinogenic, neurotoxic and 
genotoxic, which has been detected in spice powder, chili sauces, spicy soups, colorful 
sweets and even soft drinks (Cheng & Tsai, 2016), while the dye Metanil Yellow (sodium 
salt of m-(p-anilinophenylazo)benzene sulfonic acid) is a textile dye used unscrupulously 
to color turmeric (an expensive and widely used spice) as well as sweets, legumes and 
asafetida (Sundarrajan et al., 2000). In addition, Metanil Yellow is considered to be 
carcinogenic to humans and has been reported to cause symptoms of vertigo, weakness, 
vomiting and cyanosis (Power, Barnes, Nash, & Robinson, 1969). Malachite green is a 
cationic triphenylmethane dye that has been widely used throughout the world as a 
fungicide and antiseptic in the aquaculture industry (Ghaedi, Shojaeipour, Ghaedi, & 
Sahraei, 2015; He et al., 2015), and its use in herbs and spices allows scammers to 
simulate spices with fresher foods, which increases their value. 
All these dyes have been banned in the United States by the Food and Drug 
Administration (FDA), and in the European Union with Regulation (EC) No. 1333/2008 
(EU, 2008) for 25 natural and 15 synthetic dyes (Oplatowska-Stachowiak & Elliott, 
2017). For this reason, it is necessary to be alert and avoid possible adulteration of herbs 
and spices with prohibited chemical agents that generate a risk to the health of the 
consumer. 
 
3.2.4. Geographical origin 
 
Food composition is usually influenced by the crop conditions, which includes 
hydrological variations, soil quality, temperature and rainfall characteristic of a region 
and even traditional agricultural practices. Thus, the protection of the geographical 
indication has become one of the main means for the certification of food authenticity, 
being used to recognize the unique and distinctive characteristics to protect the quality 
and reputation of products originating from certain geographical regions. Therefore, 
certifying spices origin and authenticity is of great economic importance, especially for 
spices cultivated and entirely manufactured in given geographical areas following 
traditional methods, which add specificity and commercial value to the product, making 
it competitive in the market. In the EU, traditional specialties are valorized by means of 
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specific regulations and marks such as the Protected Designation of Origin (PDO) 
(DGCCRF, 2018).  
The PDO is a regulation used to indicate high quality, characteristics and 
properties that are significantly or exclusively determined by the geographical 
environment, including natural and human factors. For instance, there are PDO for Italian 
saffron (D'Archivio, Giannitto, Maggi, & Ruggieri, 2016), Greek POD saffron (Bosmali, 
Ordoudi, Tsimidou, & Madesis, 2017), Spanish POD paprika (Palacios-Morillo, Jurado, 
Alcázar, & de Pablos, 2014), among others. In fact, PDO product must be produced, 
processed and prepared in the designated region, area or country by using traditional 
production procedures in accordance to set rules indicated in the PDO disciplinary.  
Spectroscopic techniques and isotopic techniques can help identify the 
geographical origin of spices. The spectroscopic techniques provide global information 
of the species, obtaining a unique signature, as a function of the composition of the food, 
which in turn is correlated with the geographical origin. While the isotopic techniques 
identify the metabolites (such as amino acids, organic acids, minerals) present in the 
conditioners and those that can be used as discriminators to classify the species according 
to their species. 
 
3.3. SPICE IRRADIATION 
 
The process of food irradiation consists of exposing the food to ionizing radiation 
such as gamma rays emitted from 60Co, 137Cs or high-energy electrons or X-rays 
(Esmaeili, Barzegar, Sahari, & Berengi-Ardestani, 2018; Eugster, Murmann, Känzig, & 
Breitenmoser, 2018). Gamma irradiation is frequently used to ensure the sterilization of 
herbs and spices, at a maximum dose of 10 kGy in the European Union (European 
Commission, 1999) and 30 kGy in the United States (FDA, 2012). However, spices are 
usually irradiated pre-packaged, which can cause the formation of volatile or non-volatile 
low molecular weight radiolysis products that are released from the packaging material 
and are considered harmful (Goulas, Riganakos, & Kontominas, 2004). For this reason, 
despite being an efficient, non-polluting and low energy-consuming method, it has poor 
acceptance by the population (Schweiggert et al., 2007). Therefore, the continuous and 
improved development of analytical methods that allow evaluation of whether or not a 
product has been irradiated, and the dose of irradiation, is quite justifiable. 
27 
 
Capítulo 3 – Non-targeted analytical methods as a powerful tool for the…  
Several methods have been approved by the European Union (European 
Commission, 1999) to determine if a food has been subjected to irradiation or not, among 
which the following stand out: DNA analysis (Erel, Yazici, Özvatan, Ercin, & Cetinkaya, 
2009; Stefanova, Vasilev, & Spassov, 2010), gas chromatography (GC) analysis 
(Spiegelberg, Schulzki, Helle, Bögl, & Schreiber, 1994; Gadgil, Smith, Hachmeister, & 
Kropf, 2005), thermoluminescence (TL) analysis (Sanderson, 1998), ESR spectroscopy 
(Goulas, Stahl, & Riganakos, 2008) and photostimulated luminescence (PSL) analysis 
(Sanderson, Carmichael, & Naylor, 1995). ESR is a non-directed spectroscopic method 
that could be used for the analysis of irradiated foods in the near future, allowing a greater 
number of samples to be analyzed in a shorter time. 
 
3.4. NON-TARGETED ANALYTICAL METHODS 
 
Food fraud has evolved in sophistication, especially in spices, making its 
identification an arduous task. Targeted methods are based on the identification of 
specific markers that are indicative of a particular property, which serve to quantify the 
analyte and determine if it is within the limit stated on the label or established by law 
(Esslinger, Riedl, & Fauhl-Hassek, 2014). However, these methods are complex, require 
a large amount of time and investment and are destructive, which limits their use to the 
laboratory. On the other hand, non-targeted methods based on spectroscopy and 
spectrometry include: (1) vibrational spectroscopy (FT-IR, NIR, HSI and Raman 
imaging), (2) isotopic techniques that include NMR and ESR, and (3) techniques based 
on spectrometry and chromatography (McGrath et al., 2018). The techniques of 
vibrational spectroscopy are non-destructive, require a shorter time and are easy to use, 
so they can be applied online and used in field analysis (Velásquez et al., 2017). While 
the use of NMR and ESR techniques is still spreading to determine food fraud, and 
although they are quite efficient techniques, their industrial development is probably 
further along than that of vibrational spectroscopy techniques. 
In the following sections, the applications of NIR, FT-IR, Raman, HIS, NMR and 
ESR are described for spice authentication. A separate section is presented to address the 
main chemometric methods for data analysis (including data fusion and big data), and a 
section for portable devices. 
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3.4.1. Vibrational Spectroscopy 
 
Vibrational spectroscopy is a fast, reliable and competent analytical technique 
which is what is required to confirm the authenticity of food (Lohumi, Lee, Lee, et al., 
2015; Bazoni, Ida, Barbin, & Kurozawa, 2017). Among the most studied systems based 
on vibrational spectroscopy are Raman, NIR, FT-IR and HSI (Figure 2). Each of these 
systems has its particularities, advantages and limitations, which are summarized in Table 
1. Nevertheless, all of them have shown great efficiency for authentication of herbs and 
spices, some more efficient than others, depending on the system that is being evaluated. 
 
Figure 2. Raman, FT-IR, NIR and Hyperspectral imaging systems 
Source: the author himself 
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Table 1 – Comparison of the applications and characteristics among four spectroscopic 
techniques 
Remark NIR HSI-NIR FT-IR RAMAN 
Rapid and accurate analysis ✓ ✓ ✓ ✓ 
Non-destructive analysis ✓ ✓ ✓ ✓ 
Determination of multiple components 
from single sample spectrum 
✓ ✓ ✓ ✓ 
Avoidance of chemical reagentes ✓ ✓ ✓ ✓ 
Enable mapping of constituents 
(spatial distribution) 
✕ ✓ ✕ ✕ 
Sensitivity to minor constituents ✕ ✓ ✓ ✓ 
Availability of large amounts (ca. 78 
000 000 spectra) of data for analysis 
✕ ✓ ✕ ✕ 
Large up-front cost ✓ ✓ ✓ ✓ 
Instrument calibration ✓ ✓ ✓ ✓ 
Capability of creating sufficient 
quantitative models 
✓ ✓ ✓ ✓ 
Illumination complications ✕ ✓ ✓ ✓ 
 
 
On the other hand, spectroscopy depends on chemometrics to analyze the results 
efficiently and practically. The spectral information may be accompanied by unwanted 
effects such as noise, edge effects, changes in the baseline or scattering of light (Amigo, 
Babamoradi, & Elcoroaristizabal, 2015). The fundaments and applications of pre-
processing techniques are exposed in next section.  
Chemometric analyses allow the use of spectral information to analyze a wide 
variety of food samples. Commonly, exploratory analysis such as principal component 
analysis (PCA), classification techniques as partial least square discriminant analysis 
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(PLS-DA), and regression models such as partial least squares regression (PLSR) or 
principal component regression (PCR) have been quite useful for classifying food 
samples according to their unique spectral characteristics (spectral fingerprint) and to 
quantify compounds of interest by correlation. In most studies, PLSR or PCR have been 
sufficient to predict the content of adulterants in spices and herbs; however, several new 
methods are being tested to optimize the use of spectral information and generate more 
efficient models. 
Vibrational spectroscopy presents fairly manageable and inexpensive portable 
devices (as portable NIR), with an acceptable loss in accuracy. In addition, the physical 
greatness of their data allows them to be combined using data analysis strategies (as data 
fusion) to obtain improved models. 
 
3.4.1.1. Near-infrared (NIR) spectroscopy 
 
NIR signals are associated with molecular vibrations, specifically with overtones 
and combinations of fundamental vibrations (Barbin et al., 2015; Abbas et al., 2018). NIR 
spectroscopy is based on the absorption of electromagnetic radiation in the region of 780–
2500 nm, coming from the links between the light atoms CH, OH and NH, and overtones 
of molecular vibrations (Shafiee & Minaei, 2018). 
NIR is a reliable technique to identify the presence of foreign matter. Vadivel et 
al. (2018) used NIR spectroscopy to classify black pepper samples adulterated with 
papaya seeds, differentiating between pure samples and adulterated samples. However, 
the authors only showed the ability of NIR to differentiate the pure and adulterated 
samples. On the other hand, promising results (Rp2 = 0.971) were also found to determine 
the origin of Sichuan chili powder (Mexico) and to determine the presence of adulterants: 
rice bran (RMSEP = 2.81%), wheat bran (RMSEP = 2.38%), corn flour (RMSEP = 
3.19%) and rosin powder (RMSEP = 1.10%). 
Recently, NIR was focused to classify pure samples of black pepper and 
adulterated samples with black pepper husk, spent materials, pinheads, papaya seeds, chili 
powder (Wilde, Haughey, Galvin-King, & Elliott, 2019). In our knowledge, it is the only 
work that evaluated the use of NIR to identify mixtures of fresh spices with spent spices, 
reaching up to 100% Correct classification rate (CCR). This is quite interesting, since it 
is a challenge to identify mixtures of this type. 
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To try to determine the adulteration of chili powder with Sudan I (0.1–5%), NIR 
spectroscopy in reflectance mode was used. A value of Rp2 of 0.993 and a detection limit 
(LOD) of 0.25% were found for the regression models using NIR information. However, 
the authors mention that the LOD is not found in the legislation limits. On the other hand, 
samples of turmeric were adulterated with Metanil Yellow (1–25%) to try to quantify the 
level of adulteration using NIR spectroscopy (Kar, Tudu, Bag, & Bandyopadhyay, 2018). 
The authors observed that absorption intensities corresponding to Metanil Yellow are 
present in the region between 1000 and 1200 nm (second overtone region of N–H bonds) 
and 1350 to 1550 nm (first overtone region of N–H bonds). Because the structure of 
Metanil Yellow resembles the structure of a secondary amine, high precision (Rp2 = 
0.974) in the quantification of Metanil Yellow in samples of turmeric can be obtained. 
Geographical origin must be clearly identified on the label, since the consumer 
deserves to receive what they are really paying for. NIR spectral data offers a unique 
fingerprint for each spice. This "identification" based on the composition can be used as 
input to generate classification models that allow to discriminate the spices according to 
their geographical origin. Liu et al. (2018) constructed classification models using the 
NIR information combined with PLS-DA, successfully discriminating 95% of saffron 
samples according to their geographical origin. 
With the advances in the development of NIR technology, it is necessary that 
future research aims to obtain similar or better results for geographic origin, and extended 
NIR studies to farming system and genetic/cultivar identification. Basically, because NIR 
currently offers devices with more manageable designs to be implemented in real time 
throughout the supply chain of spices. 
 
3.4.1.2. FT-IR spectroscopy 
 
FT-IR spectroscopy is used to obtain high-resolution spectral absorption data in the 
infrared spectral region (Su & Sun, 2018). The mid infrared (MIR) spectroscopy (MIR) 
region can be divided into two distinct regions: 1) from 4000 to 1500 cm−1, known as 
the functional group region, which includes O–H and N–H stretching frequencies (3700–
2500 cm−1), C–H stretching (3300–2800 cm−1), C–H stretching in aldehydes (2900–2700 
cm−1), the region attributed to triple bonds (C≡C, C≡N or C=C=C) (2700–1850 cm−1), 
and the region attributed to a wide variety of double-bonded functional groups (C=C, 
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C=N, C=O, etc.) (1950 to 1450 cm−1), and 2) from 1500 to 500 cm−1, called the fingerprint 
region (Hsu, 1997).  
FT-IR showed efficiency in determining adulteration and quantifying the amount 
of buckwheat or millet in black pepper (McGoverin, September, Geladia, & Manley, 
2012). The best MIR model utilized multiplicative scatter correction (MSC) pre-treatment 
of the 550–1770 cm−1 region and required five PLS factors. However, its ability to 
predict the adulteration content was lower than that found using a model based on the 
NIR-HSI spectrum in the 1100–2500 nm region. The authors defined characteristic 
pepper bands (1633, 1610, 1582, 1252 and 997 cm−1) and characteristic buckwheat and 
millet bands (1640 cm−1 amide I, 1515 cm−1 amide II, 1230 cm−1 amide III, 1415 cm−1 
CH2 flexion and 920 cm
−1 C-O-C stretching). These bands vary with an increase in the 
concentration of adulterant, which facilitates identification of the sample and the 
quantification of adulterant using PLSR models. 
On the other hand, FT-IR fingerprints analyzed by PCA allowed the identification 
of authentic turmeric samples (Gad & Bouzabata, 2017). Similar results were found for 
the identification of samples of paprika adulterated with Sudan I (Lohumi et al., 2017), 
onion powder adulterated with corn starch (Lohumi et al., 2014), and garlic powder 
adulterated with corn starch (Lohumi, Lee, & Cho, 2015). In the case of onion and garlic 
powder adulterated with starch, PLSR was sufficient to quantify the levels of adulteration 
(R2 > 0.90). In the case of paprika adulterated with Sudan I dye, the HLA/GO (hybrid 
linear analysis) method was tested to determine the levels of adulteration. Results were 
obtained for prediction levels of Rcv2 = 0.97, and detection and quantification levels were 
0.016% and 0.054%, which demonstrates the feasibility of the FT-IR–HLA/GO 
methodology to determine Sudan I in paprika powder. 
Saffron is recognized as one of the most prized spices in the world, which is why 
it is susceptible to adulteration, especially with plants of other species and with Sudan 
dye. A variation of FT-IR, diffuse reflectance infrared Fourier-transform spectroscopy 
(DRIFTS) was used to determine the adulteration of saffron with other plant species 
(Petrakis & Polissiou, 2017). Partial least squares discriminant analysis (PLS-DA) 
managed to use fingerprints obtained in the MIR range (4000–600 cm−1) to correctly 
classify 99% of pure samples and the adulterated samples (0–20%). In addition, the 
information obtained by DRIFTS allowed the development of PLS models that allowed 
quantification of the levels of adulteration, with a 1% detection level in its best model. 
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Using as a reference the data obtained from an LC-MS/MS (liquid 
chromatography tandem mass spectrometry) analysis, an acceptable correlation (R2 > 
81%) was obtained with FT-IR spectra to quantify the levels of adulteration with olive 
and Myrtaceae leaves (Wielogorska et al., 2018). Similarly, oregano and adulterant 
samples (olive, myrtle, hazelnut, cistus and sumac leaves) were analyzed on an FT-IR 
spectrometer, and the information obtained was correlated with data values obtained by 
LC-HRMS (liquid chromatography high-resolution mass spectrometry) (Black et al., 
2016). PCA-based FT-IR information and LC-HRMS had 100% agreement that 24% of 
the samples analyzed were adulterated. This demonstrates the viability and ease of FT-IR 
to analyze such a heterogeneous and complex sample (due to its high rate of volatile 
components) as oregano. 
 
3.4.1.3. Raman Spectroscopy 
 
Raman spectroscopy (Figure 3) is a variation of analytical vibrational 
spectroscopy that can be successfully used to control the authenticity and quality of food 
(Table 4). This technique is not affected by water content and can even be used to analyze 
food through its packaging such as glass or plastic (Lee et al., 2015). 
Three Raman modalities were studied: normal Raman, FT-Raman and SERS, to 
evaluate which was more efficient for differentiating between samples of paprika 
adulterated with Sudan I dye and non-adulterated samples (Di Anibal et al., 2012). 
Normal Raman and FT-Raman presented low-quality spectra which lacked signals which 
were probably masked because of the high fluorescence emitted by the complex matrix 
(this could be important information for conducting other investigations in spices). After 
spectral pre-processing (Savitzky–Golay smoothing and polynomial baseline correction), 
SERS (measurement at 785 nm) showed better efficiency, based on PCA analysis, to 
differentiate between pure and adulterated samples. Similar results were presented by Gao 
et al. (2015) who developed a sensor combining SERS, molecularly imprinted polymers 
(MIPs) and thin layer chromatography (TLC) to identify samples of paprika adulterated 
with Sudan I and quantify the adulterant in low proportions (5–100 ppm). The work 
demonstrated the viability of the sensor to quantify the content of Sudan I in paprika by 
relating it to an increase in peak intensity at 721 cm−1, with an analysis time of less than 
1 min. Later, Monago-Maraña et al. (2019) using Raman equipped with a non-contact 
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probed to developed a classification method for pure paprika samples and adulterated 
samples with Sudan I (RMSEP = 0.91 mg/g).  
In samples of saffron, the heterogeneity and fluorescence of the sample could be 
unfavorable for Raman analysis (785 nm), since saffron samples and plant adulterants 
were identified separately; however, successful discrimination was not observed between 
each plant sample: marigold, safflower and turmeric (Varliklioz Er, Eksi-Kocak, Yetim, 
& Boyaci, 2017). FT-Raman (1064 nm) was, however, used successfully (R2 = 0.93) to 
quantify the content of Metanil Yellow in turmeric at concentrations of adulterant higher 
than 1% (Dhakal et al., 2016). Similar results were found for the prediction of starch 
content in garlic powder (R2 = 0.96), ginger powder (R2 = 0.91) (Lee et al., 2014) and 
onion powder (R2 = 0.96) (Lee et al., 2015) using spectral information provided by a 
Raman instrument (785 nm). 
A Raman instrument modified to include a spinning mechanism which allows 
analysis of an average of spectra from heterogeneous samples was used to obtain spectra 
for samples of chili adulterated with Sudan I dye (Haughey et al., 2015). With the correct 
spectral pre-processing, PCA managed to differentiate correctly (100%) between 
adulterated and pure samples. In addition, PCR analysis was able to quantify the level of 
adulteration of samples with an accuracy of 97% and with an LOD of 0.88%, which does 
not comply with the legislation for contamination with the adulterant Sudan I at low 
concentrations (European Commission Regulation (EC) No 669/2009). 
Raman hyperspectral imaging (1064 nm) allowed observation of the spatial 
distribution and determination of the concentration of adulterant in turmeric samples 
contaminated separately with Metanil Yellow and Sudan I (Dhakal et al., 2018). The 
sharp peaks of Metanil Yellow at 1147 and 1433 cm−1 allowed visualization of the 
presence and distribution of the adulterant in the turmeric matrix. Also, self-modeling 
mixture analysis (SMA) was used to extract the pure component spectra and score 
vectors, and the component corresponding to the extracted pure component spectrum and 
contributions was identified using the spectral information divergence (SID) method. 
This allowed generation of a single color-coded chemical image of Sudan I and Metanil 
Yellow generated by contribution images, to identify both contaminants at the same time 
in the same sample (sample adulterated with 5% Sudan I and 5% Metanil Yellow). 
Nevertheless, we must consider that, from an economic point of view, adulterations 
higher than 5% with Sudan I are unlikely. Therefore, Lohumi et al. (2018) showed that 
there is a linear correlation between the peaks obtained by Raman spectroscopy (785 nm) 
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and the amount of the adulterants Sudan I (R = 0.989) and Congo red (R = 985) in paprika 
at concentrations between 0.05% and 1%. Bivariate analysis (two-band image) compared 
to a single band image showed better results for the visualization and quantification of 
the adulterants Sudan I (1227 and 1493 cm−1) and Congo red (1351 and 1451 cm−1). 
 
 
Figure 3 - Raman spectroscopy system 
Source: the author himself 
 
3.4.1.4. Hyperspectral Imaging (HSI) 
 
HSI captures a stack of images, forming a three-dimensional structure of 
multivariate image data (hypercube), consisting of a spectrum for each pixel in the image 
(Kamruzzaman, Makino, & Oshita, 2016a, 2016b; Velásquez et al., 2017). This 
technology combines the advantages of image analysis and spectroscopy to analyze 
heterogeneous structures and obtain chemical information in the same image, with the 
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advantage of being able to observe the spatial distribution of the analyte in the matrix 
(Kamruzzaman et al., 2016b; Barreto et al., 2018). 
The information obtained in each pixel of the image allows to have more 
representative information of the adulterant in the spice sample. In black pepper, 
hyperspectral images in the NIR region were found to contain more complete information 
compared with MIR spectroscopy for the identification of two foreign matters: buckwheat 
(Fagopyrum esculentum) and millet (Eleusine coracana) (McGoverin et al., 2012). PLS 
used the information provided by HSI-NIR to generate predictive models of the amount 
of adulterant in black pepper with an accuracy of 0.99. HSI-NIR managed to overcome 
the difficulty of analyzing powdered samples (due to their heterogeneity) by providing 
models that allow quantification of the amount of contaminant and its distribution in the 
sample. On the other hand, the adulteration of nutmeg with spent material and residues 
(pericarp and shell) was studied using hyperspectral imaging VIS/NIR (400 - 1000 nm) 
(Kiani, van Ruth, van Raamsdonk, & Minaei, 2019). Both PLS-DA and Artificial Neural 
Network (ANN) showed good performance for detect spent materials and residues, 
although ANN had a lower detection limit (R2 > 0.91 for >5% adulteration).  
Some observations can be obtained from both works. First, only spectral 
information was used, no spatial data was included in prediction/classification models. 
For some purposes, the characteristics of the image (such as image texture) can offer 
significant improvements in the classification models. Second, models based on 
important wavelengths are not reported. Since the amount of information obtained from 
HSI is large, the calculation time is longer, therefore the selection of variables allows 
obtaining multispectral models that require a shorter calculation time. In addition, the 
proper selection of variables for the identification of each adulterant could allow the 
design of portable equipment based on these wavelengths. These devices are cheap and 
of simpler use, which, industrially, is relevant. 
In relation to the availability of software for chemical maps building, distribution 
maps shown by HSI are commonly made using MATLAB (Roberts et al., 2018); the free 
software R Statistics demonstrates an alternative to establish the distribution map (Feng, 
Makino, Yoshimura, & Rodríguez-Pulido, 2018). R Statistics is a versatile and user-
friendly tool with a large number of applications (Feng, Makino, Yoshimura, Thuyet, & 
García‐Martín, 2017), that can also be applied to generate chemical maps in the area of 
spices. 
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3.4.2. Isotopic techniques 
 
Isotopes are atoms of the same element that differ by mass from each other (equal 
number of electrons and protons, but different number of neutrons) (Danezis, Tsagkaris, 
Camin, Brusic, & Georgiou, 2016). Using the sophistication of the most advanced 
techniques, elemental analysis of stable isotopes can determine the origin of some spices, 
the presence of external agents, and can signal processing forms such as irradiation. The 
use of stable isotope analysis to verify the origin of high-quality food products is based 
on systematic global variations in the distribution of hydrogen and oxygen isotopes in 
precipitation and groundwater (Abbas et al., 2018). Although there are several types of 
elemental isotope studied, the 2H/1H ratio is mainly used with NMR analysis equipped 
with a deuterium probe (Kelly, Heaton, & Hoogewerff, 2005). Another technique widely 
used for the analysis of elementary isotopes is ESR spectroscopy which has been almost 
exclusively used for the identification of irradiated spices and even the detection of the 
level of irradiation. 
 
3.4.2.1. Nuclear Magnetic Resonance (NMR) Spectroscopy 
 
NMR spectroscopy is based on the interaction of magnetic moments of nuclei of 
various atoms with magnetic fields (Figure 4). The magnetic moment of nuclei is 
associated with nuclear spin, which is defined by a spin number. For practical applications 
of NMR, an odd number of protons and neutrons in the nucleus have a non-zero spin and 
a magnetic moment, among which we highlight those odd nuclei with a spin number of 
½ (Mlynárik, 2017). NMR is normally used for structure elucidation and chemical 
mixture quantifications (Aru et al., 2017; Kuballa, Brunner, Thongpanchang, Walch, & 
Lachenmeier, 2018). Table 5 shows the main applications of NMR in spices’ 
authentication. 
NMR was used for identify spices adulterated with inferior production-own 
material. Petrakis et al. (2015) used 1H NMR for the detection of adulterated saffron and 
identification of adulterants: Crocus sativus stamens, safflower, turmeric and gardenia. 
Based on the metabolites picrocrocin and glycosyl esters of crocetin as the most important 
markers for distinguishing authentic Iranian saffron (Yilmaz, Nyberg, Mølgaard, Asili, & 
Jaroszewski, 2010), PCA was unable to correctly differentiate between adulterated 
samples and pure samples, which was possible using OPLS-DA (R2X = 82.4%, R2Y = 
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94.5%, Q2 = 92.3%). Consecutively, a second OPLS-DA was applied to the samples to 
be separated by the type of adulterant, with an overall cross-validation coefficient, Q2, of 
88.2%, which demonstrates the feasibility of combining NMR with multivariate data 
analysis. It is important to point out that the method developed is not able to distinguish 
between pure and adulterated samples of saffron with adulterant concentrations lower 
than 20%. Therefore, it is necessary that new research focuses on developing specific 
NMR methodologies for each adulterant and in small proportions (authentication and 
prediction). Thus, an adaptation of the methodology to differentiate between samples of 
different origins could be very useful in the industry. 
On the other hand, among the most common foreign matter used to adulterate 
saffron have safflower (Carthamus tinctorius L.) and tartrazine (Dowlatabadi et al., 2017; 
Petrakis & Polissiou, 2017). 1H NMR spectroscopy together with chemometric 
multivariate data analysis methods to detect saffron samples adulterated with safflower 
or tartrazine with an accuracy of 100% (Dowlatabadi et al., 2017).  
The dyes Sudan I–IV, which are listed as carcinogenic, have been a focus of 
research using NMR. Di Anibal, Ruisánchez, and Callao (2011) developed a method 
based on 1H NMR to differentiate samples of mild paprika, hot paprika, turmeric and 
curry from samples contaminated with Sudan types I–IV. The authors made a selection 
of variables using “xdiff matrix”, which together with PLS-DA managed to classify with 
100% accuracy between contaminated and uncontaminated samples. Later, Hu et al. 
(2017) used 1H NMR to determine Sudan I in samples of paprika powder. PLS was able 
to estimate the amount of Sudan I in the paprika samples with an accuracy level of 98% 
in an overall analysis time of 35 min. The LOD was 6.7 mg kg−1, while the limit of 
quantification was 22.5 mg kg−1, which makes it a potentially efficient method to 
determine small amounts of adulterants. In addition, 1H and 13C NMR was used to 
determine and quantify Sudan I–IV in samples of saffron (Petrakis, Cagliani, Tarantilis, 
Polissiou, & Consonni, 2017). 13C was used to identify the types of Sudan I–IV; all the 
aromatic signals of Sudan I–IV dyes occur in the spectral region between 6.750 and 8.650 
ppm where no significant signals in the pure saffron spectrum are present. 1H NMR was 
used to quantify Sudan III (Sudan III diluted in CHCl3) in saffron samples. The method 
was developed at a resonance at 8.064 ppm and referred to the residual solvent signal 
with a LOD of 0.14 g kg−1. This level of prediction of Sudan III content in saffron is 
important, since from an economic and practical point of view, adulteration with Sudan 
ranges from 0.12 to 1 g kg−1 (ASTA, 2005). New investigations for quantification of 
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Sudan I–IV can focus on the use of the solvent as an external reference, which avoids 
direct contact with the sample and a residual signal in the NMR spectrum. In addition, 
this methodology should be expanded to quantify other types of Sudan (I, II and IV) in 
saffron at low concentrations. 
NMR can identify variations in the metabolites that make up the species sample. 
Therefore, it is able to differentiate between the geographical origin of each species. 1H 
NMR and PCA and/or PLS-DA (based on the picrocrocin and crocin content) also 
demonstrated the ability to differentiate between saffron samples from Greece, Spain, 
Turkey, Italy (three different regions) and Hungary (Sobolev et al., 2014), and 19 distinct 
authentic Iranian saffron samples from Khorasan provinces, eastern Iran (Dowlatabadi et 
al., 2017). Also, 1H NMR and PCA were used successfully to differentiate between two 
cinnamon species (Ceylon cinnamon, Cinnamomum verum, and Chinese cinnamon, C. 
cassia) from several origins (Brazil, Egypt, Romania, China and Tanzania) (Farag, Labib, 
Noleto, Porzel, & Wessjohann, 2018). Also, OPLS-DA was further applied to identify 
metabolic patterns that are correlated with each genotype, with a goodness-of-fit of R2 = 
0.77. On the other hand, chili pepper is the most important and emblematic condiment in 
Mexican food (Becerra-Martínez et al., 2017). Differences between the regions where 
chili is grown can generate variations in product quality based on differences in their 
metabolites. Becerra-Martínez et al. (2017) used NMR spectroscopy supported by PCA 
or orthogonal partial least squares discriminant analysis (OPLS-DA) to differentiate 
between two Mexican cultivars of chili based on the difference of their metabolites. The 
authors were able to differentiate the two cultivars using PCA with an R2 of 0.936; to 
better observe differences between groups, OPLS-DA was successfully applied (R2 = 
0.923). Nigella sativa seeds from four different origins were authenticated using 1H NMR 
(Maulidiani et al., 2015). First, the authors used PCA to evaluate which solvent was more 
adequate to explain the differences between the different samples of N. sativa, resulting 
in methanol being the most appropriate for this purpose. Consecutively, a PLS analysis 
was able to demonstrate the correlation between the NMR metabolic profile and the 
biological activity of N. sativa, grouping the samples according to their place of origin, 
which is interesting from an authentication point of view. In future research, NMR should 
be used to differentiate the variations in metabolic profile with the processing conditions 
of spices. In addition, it would be very useful as a methodology that allows evaluation of 
possible adulterants and farming system. 
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Figure 4 - NMR spectroscopy system 
Source: the author himself 
 
3.4.2.2. Electron Spin Resonance (ESR) Spectroscopy 
 
ESR is a non-invasive method which uses the ESR phenomenon and measures the 
resonant microwave power absorption spectrum of unpaired electrons subjected to a 
constant magnetic field in an atom, molecule or compound (Nakagawa & Epel, 2014). 
The principles behind magnetic resonance are common to both ESR and NMR; however, 
ESR probes an unpaired electron spin, while NMR probes a nuclear spin (Nakagawa, 
Ohba, Epel, & Hirata, 2012). Also, ESR imaging is capable of providing spectral 
information and measuring the spatial distribution of paramagnetic species. 
Spices are irradiated at an industrial level as a method of sterilization and are the 
most irradiated foods at present. To date, irradiation is associated by most consumers with 
something harmful for health, which generally determines an adverse reaction to such 
treatments (Duliu, Georgescu, & Ali, 2007). In this sense, it is important to be able to 
identify irradiated and non-irradiated species and, if possible, to identify the level of 
irradiation, in order to contribute to consumers’ food safety. Aleksieva and Yordanov 
(2018) explained that the difficulty of differentiating between irradiated and unirradiated 
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species comes from the fact that there is only a single line before and after radiation 
treatment. 
An ESR spectrum characteristic of a food of irradiated plant origin is associated 
with the liberation of free radicals induced by cellulose, receiving the name “cellulose-
like” (Aleksieva & Yordanov, 2018). The cellulose-like EPR spectrum in irradiated 
paprika is considered as consisting of a nonspecific central line and specific doublet of 
cellulose signal (Kispéter et al., 2003). In red pepper, irradiation causes changes in the 
natural spectral signal of the sample with an increase in its intensity, while at the same 
time inducing cellulose radicals that are duplicated at a distance of 6 mT (Korkmaz & 
Polat, 2001). Similar results were found in roasted and unroasted sesame seeds, where 
spacing of this pair of radiation-induced signals is approximately 6.0 mT and is 
symptomatic of the radiation treatment to which they were subjected (Lee, Kausar, Kim, 
& Kwon, 2008), and in irradiated coriander seeds (Sezer, Kaplan, & Sayin, 2017). 
ɣ-Irradiated black, white and red pepper was investigated using ESR (Polovka et 
al., 2006; Jeong et al., 2014; Kameya, Saito, Hagiwara, & Todoriki, 2015). The results 
showed that the irradiation caused the production of three paramagnetic species with 
different thermal behavior and stability. Two of these paramagnetic species were assigned 
to carbohydrate radical structures, and the other possessed features of cellulose radical 
species. In addition, the authors confirmed that, after 20 weeks of storage, an increase in 
temperature from 298 to 353 K caused a reduction in the intensity (40%) of the ESR 
spectrum, compared with the non-irradiated sample of black pepper (13%). 
ESR revealed the presence of four radical species in γ-ray-irradiated ginseng. 
Initially, the representative ESR spectrum of ginseng is composed of a sextet centered at 
g = 2.0 (attributable to a hyperfine signal of Mn2+ ion), a sharp singlet at the same g-value 
(due to an organic free radical), and a singlet at about g = 4.0 (originated from Fe3+). The 
fourth signal is founded upon γ-ray irradiation, which was detectable in the vicinity of the 
g = 2.0 region (Nakamura, Ukai, & Shimoyama, 2006). The ESR spectrum was also used 
to differentiate irradiated samples from non-irradiated samples of garlic bulb (Kameya et 
al., 2010) and frozen crushed garlic (Kim et al., 2013) from different countries. Then, 
ESR allowed the authentication of irradiated and non-irradiated samples, depending on 
the increase in the intensity of the signals with irradiation. 
ESR has also managed not only to identify irradiated or non-irradiated walnuts 
using walnut pulp or husk, but also to determine the irradiation dose in a range of 0–10 
kGy (Maghraby, Salama, Sami, Mansour, & El-Sayed, 2012). Similar results were 
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reported for γ-ray-irradiated oregano (Origanum vulgare L.) (Sádecká & Polovka, 2008). 
Cardamom, cloves, cumin and white pepper treated with high-energy irradiation were 
successfully separated from their non-irradiated counterparts (Ha, Li, & Wang, 2011; 
Ahn, Akram, Kim, & Kwon, 2013; Beshir, 2014; Jeong et al., 2014; Sanyal et al., 2014; 
Kameya et al., 2015). Also, the authors used a third-degree polynomial function to fit the 
EPR signal/dose curves, with satisfactory results without correction of decay for free 
radicals. 
It should be taken into account that cellulose-like ESR spectra may not be detected 
in irradiated spices with low cellulose content, or at irradiation doses lower than 10 kGy. 
In addition, their spectra can disappear 70–90 days after irradiation, depending on the 
storage conditions, having as an irradiation identifier only the increase in intensity of the 
natural singlet line, which is not proof of high irradiation energy (Aleksieva & Yordanov, 
2018). For this reason, it is important to develop adequate protocols for the authentication 
of irradiated spices using ESR and to explore ESR imaging to obtain a more realistic 
distribution of paramagnetic species. 
 
3.5. PORTABLE/HANDHELD SPECTROMETERS FOR SPICE’S 
AUTHENTICATION  
 
The techniques developed using spectral information can be used for laboratory 
analysis or for real-time application in a agro-food industry or food fraud control agency. 
An important characteristic so that the spectroscopic systems are accepted by the 
consumer is the portability and size of device, since difficult-to-handle devices are 
unlikely to enter the consumer market for ergonomic reasons (Vincent, Wang, Nibouche, 
& Maguire, 2018). In this context, due to the complexity and vulnerability of the spice 
supply chain, the portability of the analysis devices is an advantage over tableware (more 
expensive and difficult to move) because they allow routinely monitored along the entire 
supply chain. Ideally, food authentication device would have low cost and easy handling 
as a consumer-grade product (Masna, Paul, Chen, Mandal, & Bhunia, 2019). However, 
although faster analysis protocols can be developed for more rigorous control, the results 
obtained with these devices are unrealistic for some applications (Ulusoy & Hecer, 2018). 
Indeed, portable devices have a lower accuracy than non-destructive stationary devices, 
however their application is preferred by traders, growers and agro-food industry (Abasi, 
Minaei, Jamshidi, & Fathi, 2018; Crocombe, 2018).  
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At present, there are portable spectroscopic devices based on Raman, mid-
infrared, and near-infrared (NIR), and recently hyperspectral imaging technology and 
NMR. However, although the demand for portable devices has increased (Bouyé & 
d'Humières, 2017), its main focus has been the evaluation of food quality and 
composition, especially in meat, dairy products and fruits and vegetables (Abasi, Minaei, 
Jamshidi, & Fathi, 2018; Porep, Kammerer, & Carle, 2015; Capitani, Sobolev, Di Tullio, 
Mannina, & Proietti, 2017). In addition, there are works based on portable/handheld 
spectrometer for food authentication (Basri et al., 2017; Correia et al., 2018; Grassi & 
Alamprese, 2018; Limm, Karunathilaka, Yakes, & Mossoba, 2018; Liu et al., 2018; 
Manfredi et al., 2018; Nieuwoudt, Holroyd, McGoverin, Simpson, & Williams, 2016; 
Picouet, Gou, Hyypiö, & Castellari, 2018; Schmutzler, Beganovic, Böhler, & Huck, 
2015; Shotts, Plans Pujolras, Rossell, & Rodriguez-Saona, 2018; Vargas Jentzsch, 
Torrico-Vallejos, Mendieta-Brito, Ramos, & Ciobotă, 2016).  
In our knowledge, the works that study the application of portable spectroscopic 
devices for the authentication of spices are few. NIR portable was used for detection 
metanil yellow in turmeric powder (Kar et al., 2018). A good PLSR model was built used 
spectral data (R2 = 0.96–0.99; RMSEP = 0.44–0.91) to predict metanil yellow 
concentration in turmeric powder. On the other hand, a handheld NIR were used for 
extracted spectra of Bell pepper to identify growing system (Sánchez et al., 2018). So, the 
spectral data was analyzed used PLS-DA and the correct classification of 89.73% for 
outdoor and 88% for greenhouse growing system. Maybe, an ergonomic design, low cost, 
low power consumption, robustness and high performance of NIR portable/handheld are 
the most popular technique for food authentication, but its use should be expanded for all 
spice and herbs market.  
Recently, a handheld hyperspectral imaging system (400 – 1000 nm) was used for 
Nutmeg (Myristica fragrans Houtt.) authentication detecting presence of pericarp, shell 
and spent samples (Kiani, van Ruth, van Raamsdonk, & Minaei, 2019). Artificial Neural 
Network (ANN) models showed ability to detect adulteration (with spent material) in 
level as low as 5%, and the ANN model performance were higher than PLS-DA.  As 
mentioned before, spectroscopy could help develop reliable methods to detect fresh/spent 
spices mixtures, so that portability can facilitate their detection throughout the spice 
supply chain. 
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3.6. CHEMOMETRICS APPROACHES FOR SPICE’S AUTHENTICATION 
 
A single fingerprint is obtained as a function of the complex chemical structure or 
physical properties of the food. Spectroscopy techniques allow to obtain food 
fingerprinting, which consist in a hundred to thousands of variables with complex data, 
self-correlated and usually not promptly available for analytical purpose (Pasquini, 2018). 
The spectral data set requires complex statistical/mathematical analysis to extract relevant 
information for the purpose pursued, and broadly these multivariate analytical methods 
are defined as chemometrics. The spectral data combined with chemometrics allows to 
develop analytical methods for quantitative and qualitative measurement, aiding to 
identify variations in spices quality as consequence of food fraud or contamination, 
farming system, product traceability, geographical origin or genetic/cultivar variety 
(Granato et al., 2018). The most common chemometrics applied to spices’ authentication 
are described shortly in this section, and they are grouped according respective 
investigated purpose: (1) data pre-processing, (2) exploratory analysis, (3) 
discrimination/classification multivariate analysis, (4) prediction/regression multivariate 
analysis, and (5) data fusion. 
 
3.6.1. Data pre-processing  
 
Raw spectral data cannot always be interpreted directly or used to create robust 
models, because it has defects such as slope variation, light scattering, noise and base line 
shift, caused by particle size or physical properties of food. Raw spectral data is 
submitting to mathematical transformation in order to minimize the source of spectral 
variability, that not associated with research purpose (classification or prediction). It is 
important to clarify that pre-processing algorithms cannot create analytical information, 
but can rescue it by eliminating sources of spectral variability (Pasquini, 2018). However, 
an excess or bad application of the pre-processing algorithms can cause loss of useful 
information.  
The pre-processing algorithms for treated NIR, HIS and MIR spectral data have 
been reviewed and assayed (Rinnan, Berg, & Engelsen, 2009; Vidal & Amigo, 2012). To 
reduce the spectral variability caused by scattering effects is used multiplicative scatter 
correction (MSC) and standard normal variate (SNV) (Rinnan et al., 2009). For smooth 
spectra, remove variations in baseline and resolution of overlapping peaks is used Norris-
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Williams (NW) derivates and Savitzky-Golay polynomial derivative filters (Brown, 
Vega-Montoto, & Wentzell, 2000). These pre-processing algorithms could be used 
individually and in combination, however, the combinations of algorithms that were 
designed to overcome the same source of spectral variability (i.e. MSC and SNV) should 
not be used. For treated spectral data of spice, all these pre-processing algorithms were 
successful tested individually and in combination (Haughey et al., 2015; McGoverin et 
al., 2012; Horn et al., 2018). On the other hand, orthogonal signal correction (OSC) and 
extended multiplicative signal correction (EMSC) algorithms are presented as 
alternatives to correct scattering effects (Wold, Antti, Lindgren, & Öhman, 1998), and 
their use should be considered for treated spice’s spectral data. However, care must be 
taken with the application of OSC since this algorithm has a tendency to generate model 
overfitting (Pasquini, 2018). In addition, for hyperspectral images a selected region of 
interest (ROI) and correction of death pixel and spikes should be performed (Vidal & 
Amigo, 2012; Amigo, Babamoradi, & Elcoroaristizabal, 2015).  
As regards the Raman spectra, in addition to the previously mentioned spectral 
variations, the pre-process must be directed to correct fluorescence background signal. 
Polynomial fitting algorithm is used for remove fluorescence background signal and 
baseline in Raman spectra (Lieber & Mahadevan-Jansen, 2003), and this algorithm has 
used for treated Raman spectra of paprika/Sudan I (Monago-Maraña et al., 2019), chili 
pepper/Sudan I (Haughey et al., 2015) and turmeric/Metanil yellow (Dhakal et al., 2016). 
In Raman hyperspectral imaging, fluorescence background signals could be corrected 
using the adaptive iteratively reweighted Penalized Least Squares (airPLS) method 
(Zhang, Chen, & Liang, 2010; Lohumi et al., 2018). In addition, 2D-median filter could 
be applied to remove high intensity spikes (Bocklitz, Guo, Ryabchykov, Vogler, & Popp, 
2016). Additional information on pre-processing algorithms that can be applied to Raman 
imaging data can be found in Yaseen, Sun, & Cheng (2017). 
 
3.6.2. Exploratory analysis 
 
The non-supervised methods it involves algorithms that use spectral information 
for show relationship between samples and samples and variables. These algorithms 
allow to identify the existence of natural groups or trends among the samples, which must 
be consistent with the previous information of each sample (Callao & Ruisánchez, 2018). 
In fact, the unsupervised methods are the previous stage to the prediction or classification 
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methods, allowing to identify outliers (atypical samples) and to identify the variables that 
contain important information for the discrimination of the groups of samples. Of the non-
supervised methods, PCA is the most used in the reviewed literature to describe the set 
of acquired analytical data for spices and herbs authentication (Table 2 – 4) (Di Anibal et 
al., 2012; Farag et al., 2018; Gad & Bouzabata, 2017; Li, 2016; Vadivel et al., 2018). The 
central idea of PCA in non-targeted studies is to reduce the dimensionality of a data set, 
which consists of a large number of interrelated variables, keeping as much of the 
variation as possible in the data set (Jolliffe & Cadima, 2016). PCA transforms a set of 
data with correlated variables into a set of uncorrelated main components (PCs), 
calculating a smaller number of possibly significant linear combinations of a large 
number of variables. The PCs are calculated in such a way that the maximum portion of 
the variance is explained by the first main component and progressively smaller shares of 
variance are explained by each subsequent component (Brereton et al., 2017).  
 
Table 2 – NIR spectroscopy applications in the detection of adulterants in spices and 
herbs 
Herb or 
Spice 
Adulterant Chemometrics Accuracy Reference 
Black pepper 
(Piper 
nigrum L.) 
Papaya seeds PCA - Vadivel et al. 
(2018) 
Sichuan 
Pepper 
Powder 
Region 
authentication 
PLS R2=0.971 Wu, Zhu, 
Huang, & Xu 
(2017) 
Sichuan 
Pepper 
Powder 
Wheat bran 
Rice bran 
Corn flour 
Rosin powder 
PLS R2=0.969 
R2=0.948 
R2=0.967 
R2=0.994 
Wu et al. (2017) 
Chilli Sudan I PLS R2=0.993 Haughey et al. 
(2015) 
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Turmeric 
Powder 
Metanil Yellow PLSR R2=0.974 Kar et al. (2018) 
Black pepper Black pepper 
husk 
Spent materials 
Pinheads 
Papaya seeds 
Chili poder 
OPLS-DA CCR = 90 - 
100% 
Wilde, Haughey, 
Galvin-King, & 
Elliott (2019) 
Saffron Geographical 
origin 
PCA and OPLS-
DA 
CCR = 
95.8% 
Liu et al. (2018) 
PCR: principal component regression; PLSR: partial less square regression; PCA: Component 
principal analysis; SPA: successive projections algorithm; LDA: Linear discriminant analysis; 
OPLS-DA: orthogonal partial least square discriminant analysis 
 
Table 3 - FT-IR spectroscopy applications in the detection of adulterants in spices and 
herbs 
Herb or 
Spice 
Adulterant Chemometrics Accuracy Reference 
Onion poder Cornstarch PLSR R2=0.90 Lohumi et al. 
(2014) 
Black pepper Buckwheat or 
Millet 
PLS R2=0.97 McGoverin et 
al. (2012) 
Saffron Stamens 
Calendula 
Safflower 
Turmeric 
Buddleja 
Gardenia 
PLS R2=0.94 
R2=0.97 
R2=0.96 
R2=0.99 
R2=0.99 
Petrakis & 
Polissiou 
(2017) 
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R2=0.99 
Turmeric 
(Curcuma 
longa) 
Region 
athentication 
PCA - Gad & 
Bouzabata 
(2017) 
Oregano Olive 
Myrtle 
Sumac 
Cistus 
Hazelnut 
PLS-DA  
R2=0.994 
R2=0.990 
R2=0.996 
R2=0.997 
R2=0.991 
Black et al. 
(2016) 
Black pepper Black pepper 
husk 
Spent materials 
Pinheads 
Papaya seeds 
Chili poder 
OPLS-DA CCR = 92 - 
100% 
Wilde et al. 
(2019) 
Paprika 
Powder 
Sudan I 
Sudan IV 
Lead chromate 
Lead oxide 
Silicon dioxide 
Polyvinyl 
chloride 
Gum arabic  
OCSIMCA Sensitivity > 
80% 
Horn et al. 
(2018) 
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Paprika 
Powder 
Sudan I HLA/GO  
R2=0.98 
 
Lohumi et al. 
(2017) 
Origanum 
vulgare and 
Origanum 
onites 
Olive Leaves 
Myrtaceae 
Leaves 
PLS R2=0.85 
R2=0.81 
Wielogorska et 
al. (2018) 
Garlic 
Powder 
Cornstarch PLS R2=0.95 Lohumi, Lee, 
& Cho (2015) 
HLA/GO: hybrid linear analysis; PLS-DA: partial least squares discriminant analyses; PLS: 
partial less square; PCA: Component principal analysis; OPLS-DA: orthogonal partial least 
square discriminant analysis; OCSIMCA: one-class soft independent modelling of class 
analogy 
 
Table 4 - Raman spectroscopy applications in the detection of adulterants in spices and 
herbs 
Herb or 
Spice 
Adulterant Chemometrics Accuracy Reference 
Paprika Sudan I PCA - 
Di Anibal et al. 
(2012) 
Paprika 
Sudan I 
Congo red 
Linear 
correlation 
R=0.989 
R=0.985 
Lohumi et al. 
(2018) 
Paprika Sudan I PLS R2=0.983 Gao et al. (2015) 
Chili Sudan I PCR R2=0.97 
Haughey et al. 
(2015) 
Turmeric 
Metanil 
yellow 
Linear 
correlation 
R2=0.93 
Dhakal et al. 
(2016) 
Turmeric 
Metanil 
yellow 
Linear 
correlation 
R2=0.99 
Dhakal et al. 
(2018) 
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Sudan I R2=0.99 
Saffron 
Marigold 
Safflower 
Turmeric 
PCA - 
Varliklioz Er et 
al. (2017) 
Paprika Sudan I 
PLS 
PLS-DA 
R2=0.98 
CCR = 83  - 
100% 
Monago-Maraña 
et al. (2019) 
Garlic 
powder 
Starch PLS R2=0.96 Lee et al. (2014) 
Ginger 
powder 
Starch PLS R2=0.91 Lee et al. (2014) 
Onion 
powder 
Starch PLS R2=0.96 Lee et al. (2015) 
PCR: principal component regression; PLS: partial less square; PCA: Component principal 
analysis; PLS-DA: partial least squares discriminant analyses 
 
Table 5 - NMR applications in the detection of adulterants in spices and herbs 
Herb or 
Spice 
Adulterant Chemometrics Accuracy Reference 
Chili pepper 
(Capsicum 
annum L.) 
Region 
authentication 
PCA 
OPLS-DA 
R2=0.936 
R2=0.923 
Becerra-
Martínez et al. 
(2017) 
Paprika Sudan I PLS R2=0.980 Hu et al. (2017) 
Saffron 
Plant-derived 
materials: Crocus 
sativus stamens, 
safflower, turmeric, 
and gardenia 
OPLS-DA 
(authentication) 
O2PLS-DA 
(prediction) 
Q2 = 
92.3% 
Q2 = 
88.2% 
Petrakis, 
Cagliani, 
Polissiou, & 
Consonni 
(2015) 
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Saffron Sudan I PLS R2=0.999 
Petrakis et al. 
(2017) 
Saffron 
Safflower 
Tartrazine 
PCA and PLS-
DA 
R2=1 
Dowlatabadi et 
al. (2017) 
Saffron 
Region 
authentication 
PCA and PLS-
DA 
- 
Dowlatabadi et 
al. (2017) 
Saffron 
Region 
authentication 
PCA - 
Sobolev et al. 
(2014) 
Garlic 
Region 
authentication 
PLS-DA - 
Ritota et al. 
(2012) 
Nigella 
sativa 
Region 
authentication 
PLS 
R2= 0.94 
– 0.97 
Maulidiani et 
al. (2015) 
Cinnamon 
Region 
authentication 
PCA and OPLS-
DA 
R2= 0.77 
Q2= 0.65 
Farag et al. 
(2018) 
Q - Cross-validation coefficient (predictability of the model); Rx and Ry – Ortogonal 
components 
 
3.6.3. Discrimination/classification multivariate analysis 
 
Classification methods allow to assign a sample of spices to a class or category 
that were previously defined (i.e. adulterated/unadulterated, geographical origin 
X/geographical origin Y, etc.). Using spectroscopy techniques, each category is created 
using the joint information of a sample group with common spectral properties (i.e. same 
geographical origin, same species, pure samples, etc.), which differentiates them from 
any other sample set. Then, with the categories created, classification rules are established 
in order to evaluate an unknown sample and classify it as part of one of the categories 
defined (or not). In this review, PLS-DA was the most popular discrimination method to 
classify adulterated spices of pure spices, distinguish in geographical origin and varieties 
(Wilde et al., 2019; Black et al., 2016; Ritota et al., 2012). PLS-DA aims to establish a 
linear regression between an array of independent variables X (spectra) and an array of 
dependent variables (classes). The samples are then assigned to the classes according to 
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the predictions of the PLS model, with values that vary from 0 to 1, and the threshold 
values of class defined on the basis of the Bayes theorem (Ballabio & Consonni, 2013). 
Discrimination among different groups can be achieved by using an appropriate number 
of latent variables (LVs), which are linear combinations of the original variables. The 
number of LVs selected is considered optimal when the cross-validation error in the 
classification is minimized (Ferreira, 2015).  
Soft independent modelling of class analogy (SIMCA) is performed and used to 
represent each class in the data set (calibration or training set) and during the 
development, the number of components (A) used in each class can be determined by 
cross-validation (Ferreira, 2015). SIMCA classification is carried out by the comparison 
of the standard residual deviation of a sample (Si) with the mean standard residual 
deviation of a given class (Sg). This comparison gives a direct measure of the degree of 
similarity of the sample to the class (Kvalheim & Karstang, 1992). Fourier transform mid-
infrared (FT-MIR) spectroscopy in tandem with one-class soft independent modelling of 
class analogy (OCSIMCA) allowed to discriminate pure paprika and paprika adulterated 
with Sudan I, Sudan IV, lead chromate, lead oxide, silicon dioxide, polyvinyl chloride, 
and gum arabic (Table 3) (Horn et al., 2018).  
On the other hand, k nearest neighbours (KNN), linear discriminant analysis 
(LDA), unequal dispersed classes (UNEQ), quadratic discriminant analysis (QDA) and 
support vector machines (SVM) and artificial neural networks (ANN) have been tested 
and validated for food authentication (Callao, & Ruisánchez, 2018). However, to our 
knowledge, the use of these classification methods have not been used in spice 
authentication, and should be reconsidered in future work. Finally, these classification 
methods are available in free software Hyper-Tools (only 2 classes for PLS-DA and 
SIMCA) (Mobaraki & Amigo, 2018), allowing its application for the study of spice 
authentication.  
 
3.6.4. Prediction/regression multivariate analysis  
 
In contrast, supervised methods are based on an assignment, a priori, of samples 
by class associations, for the creation of a respective mathematical model (training set). 
Then, unknown samples (a test set) can be predicted. The PLS regression, principal 
component regression (PCR) and hybrid linear analysis (HLA) were the most commonly 
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used supervised calibration methods for spice’s authentication (Haughey et al., 2015; Hu 
et al., 2017; Kar et al., 2018; Lohumi et al., 2017; Wu et al., 2017). 
PLS is a method used to relate a descriptor matrix X to a prediction vector/matrix 
y with the aim to identify a linear regression model by projecting the predicted variables 
and the observable variables to a new space. In the case of literature regarding herbs and 
spices reviewed here, the X matrix comprises spectroscopic or spectrometric data, 
whereas y commonly contains quantitative values, e.g., adulterant content. PLS is a 
powerful linear regression method, able to deal with collinear variables, and accepting a 
large number of variables. The resulting model allows to predict a property of the sample 
from the original independent variables, its fingerprint (Trygg & Lundstedt, 2007). On 
the other hand, the Principal Component Regression (PCR) is a multivariate regression 
method similar to PLS, although turned down over the years. However, the overall 
performance in terms of the predictive capacity of both regression methods can be 
considered equivalent (Wentzell & Montoto, 2003). 
An algorithm for linear multivariate calibration, named hybrid linear analysis 
(HLA), has been developed recently (Berger, Koo, Itzkan, & Feld, 1998), and its use was 
reported to quantify Sudan dye in paprika powder using FT-IR spectroscopy (Lohumi et 
al., 2017). The HLA method combines the advantage of knowing the pure component 
spectra with modelling approaches in which all other species are ignored, which is a 
characteristic of principal component regression (PCR) and partial least squares (PLS) 
(Goicoechea & Olivieri, 1999). This method is based on the useful concept of net analyte 
signal (NAS) developed by Lorber (1986). The basic concepts and chronological 
development of NAS-based methods are given in Marsili et al. (2003). 
 
3.6.5. Data fusion and Big data: approaches for spices’ authentication  
 
The evolution in the design of spectroscopic devices allows data to be collected easily 
and quickly. Individually, predictive and discrimination models can be developed to 
detect fraud in spices, however, sometimes it is not enough. To this end, new approaches 
to data analysis are being developed, although its expansion into the spice and herb market 
is still further enhanced. 
Data fusion is shown as an attractive technique and almost always more efficient 
than using techniques individually. The fusion of data allows to exploit the synergy of the 
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individual information to obtain an optimized model (Borràs et al., 2015). Figure 5 shows 
a simplified idea of data fusion.  
Data fusion can be implemented following three strategies: low-, mid- and high-
level. In low-level data fusion, raw data obtained from each technique are fused into a 
single matrix, since data have similar physical quantities (Banerjee, Tudu, 
Bandyopadhyay, & Bhattacharyya, 2016), to then proceed with the multivariate analyzes. 
In mid-level data fusion, the most important variables (unprocessed) are extracted from 
each individual technique, and then fused into a single matrix, to be later analyzed 
together (Márquez, López, Ruisánchez, & Callao, 2016). Finally, high-level data fusion 
is a strategy that, unlike the other strategies, fuses the models obtained from the 
processing of the individual data of each technique. In summary, the low- and mid-level 
data fusion approaches present a fusion of variables (all or most important) to create a 
model, therefore the calculation time is higher. In contrast, high-level data fusion reduces 
calculation time by merging the models obtained from each data source. Therefore, it is 
probably the most used technique for food analysis (Di Rosa, Leone, Cheli, & Chiofalo, 
2017).  
The results presented in this review show that spectroscopic techniques can 
efficiently identify external adulterants, geographic origin and lower material-own in 
spices and herbs. However, the methods have not been extended to the great diversity of 
spices. In addition, the results found may not be conclusive depending on the variations 
in the samples. For example, when we want differences geographical origin of two species 
of paprika, it is difficult to be sure if both of paprika species come from the same cultivar. 
Therefore, the differences are not necessarily based on environmental factors and 
agricultural production, but on the genetic variations inherent in the species. For this, data 
fusion using the composition of metabolites and NIR information can generate more 
accurate answers, as was reported in the PDO wine identification (Ríos-Reina, Callejón, 
Savorani, Amigo, & Cocchi, 2019). In our knowledge, in spices we only find a work that 
reports the use of the fusion of NMR and NIR data to identify spices adulterated with 
Sudan III and IV (Di Anibal, Callao, & Ruisánchez, 2011). Data fusion strategy obtained 
more efficient classification models than the models constructed using the spectral 
information of each technique separately. Probably, the little scientific production in data 
fusion applied to spices is due that until now, as reported, the techniques individually 
have addressed fraud problems efficiently. 
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Big data is a technology created to analyze a large amount of structured and 
unstructured data from various sources and origins, including revolutionary statistical 
analysis, which allows to interconnect apparently unrelated data sources, with a great 
impact on society and industry (Marvin, Janssen, Bouzembrak, Hendriksen, & Staats, 
2017). Due to the fact that the information of the investigations made in fraud detection 
in herbs and spices is available in the network, big data opens a new possibility of analysis 
of this information to generate models that help in decision-making and in fraud control 
by addressing problems that were not possible before. For a clearer approach to how and 
where big data can be applied for food safety and quality, visit (Janssen, Bouzembrak, 
Hendriksen, & Staats, 2017) and Pollard, Namazi, & Khaksar (2019). The use of big data 
in agribusiness is new, but future decisions are expected to be based on models created 
by the interaction of existing data and not hypothetical models. Big data could allow to 
monitor similar spice products of different brands, as well as suppliers, along the supply 
chain, in order to find fraudulent products that do not meet the required specifications 
(i.e. adulteration) or with the declarations of its label (i.e. geographical origin, irradiation, 
farming system). Thus, big data offers an alternative analysis with additional advantages 
of providing specifications that depend on the product, establishing standards for the 
industry and its suppliers and identifying sources of fraud (Pollard et al., 2019). 
 
 
Figure  5 - Data Fusion strategy for combined spectroscopy techniques 
Source: the author himself 
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3.7. CHALLENGES AND FUTURE TRENDS 
 
The emphasis of this review has been predominant to the application of 
spectroscopy for the authentication of spices and herbs, because these technologies offer 
many advantages (Table 1) for an accurate, robust and in most cases non-destructive 
analysis for the detection of food fraud.  
Table 6 shows the main applications for the spices’ authentication of the 
techniques studied in this review. Notoriously, it is necessary that more works be carried 
out by attaining the great diversity of spices, and generating new scopes for farming 
system, cultivar and genetic variety. 
In future research trends, hyperspectral imaging-based techniques that can help 
overcome problems of sample heterogeneity should be reconsidered for herb and spice 
authentication analyzes. In addition, a crucial factor for techniques based on hyperspectral 
images, and in general for techniques based on vibrational spectroscopy, is the variable 
selection. A correct selection of variables allows to develop robust and more 
parsimonious multispectral models, which decrease the computational time for the 
analysis of the samples. For example, the application of sparse classification methods 
allows to perform classification and variable selection at the same time (Calvini, Ulrici, 
& Amigo, 2015), and they have not yet been tested on herbs and spices. In addition, 
chemical maps have only shown the distribution of contaminants in samples; perhaps it 
is possible to correlate the chemical information presented by the maps with molecular 
interactions and with the displacement of water as a result of adulteration.  
Data fusion is presented as a promising alternative for spice authentication, 
therefore this strategy should be studied to overcome challenges such as adulteration with 
used materials or the identification of geographical origin and farming system. On the 
other hand, although it is difficult to see the direct connection between big data and the 
control of fraud in the supply chain of herbs and species, this presents an opportunity and 
challenge in research, since new statistical approaches and new tools are needed to 
analyze a large quantity of complex data in a meaningful way. This would allow for 
infinite possibilities in terms of the potential for fraud control in the entire spice supply 
chain. Finally, the research is multidisciplinary, because errors are often the result of lack 
of knowledge or experience. 
In future industrial trends, spectroscopic portable devices will be important tool 
for fraud control. Portable devices must be able to meet that demand, for which among 
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its most relevant characteristics should be: (1) low price: allowing its acquisition by 
consumers and producers, (2) small size: for easy movement and handling, ( 3) robust: to 
be applied at all stages of the supply chain, (4) easy application and minimum or no 
sample preparation: to avoid damaging the food and allow more samples to be scanned, 
and (5) high precision analysis: they are sensitive, selective and with a high precision to 
authenticate spices (Crocombe, 2018). For the consumer, in addition to the features 
mentioned above, the portable devices must be quite manageable (i.e. size of a cell phone) 
and friendly, with interfaces that allow their rapid understanding and offer results in a 
short time (reduce the computational time of processing of data) and that can be used in 
a variety of spices (i.e. paprika, black pepper, cinnamon, saffron). This is perhaps the 
biggest challenge in the field of spectroscopy applied to spice authentication, since spice 
authentication analysis, until now, requires highly sensitive and complex equipment, 
which is restricted to laboratories. 
In addition, development of sensors and devices with wireless access (wi-fi or 
bluetooth), applications for access and remote analysis of spectral data (Evans, Clemens, 
Casey, & Baker, 2014) and even images should be available in the coming years and 
should be incorporated into portable devices (Ellis, Muhamadali, Haughey, Elliott, & 
Goodacre, 2015), being easier to manage and expanding its use to the final consumer. 
The connection of the portable device to the network would allow quick responses to be 
used in real time or for predictions, becoming part of the "Internet of things". The 
"Internet of Things" has been recognized as a powerful tool to realize new levels of 
control, allowing, for example, to improve the monitoring and traceability of food through 
remote control (Sundmaeker, Verdouw, Wolfert, & Pérez Freire, 2016). 
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Table 6 - Applications of spectroscopic techniques in spice authentication 
Techniques Spices Application in food fraud 
detection* 
NIR Black pepper; Sichuan Pepper 
Powder; Chilli; Turmeric 
Powder 
Foreign matter (3); Inferior 
production-own materials (1); Dyes 
(2); Region authentication (1); Spent 
materials (1) 
FT-IR Onion Powder; Black Pepper; 
Saffron; Turmeric; Oregano; 
Paprika Powder; Garlic 
Powder 
Foreign matter (8); Inferior 
production-own materials (2); Dyes 
(2); Region authentication (1); Spent 
materials (1) 
RAMAN Paprika; Chili; Turmeric 
Saffron; Garlic Powder; 
Ginger Powder; Onion Powder 
Foreign matter (4); Addition of dyes 
(7) 
 
HSI Black Pepper; Nutmeg 
 
Foreign matter (1); Inferior 
production-own materials (1) 
NMR Chili Pepper; Paprika; Saffron Foreign matter (1); Inferior 
production-own materials (1); Dyes 
(3); Region authentication (6) 
ESR Paprika; Pepper; Sesame; 
Ginseng; Garlic Bulb; 
Irradiation (13) 
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Oregano; Cardamom; Cloves; 
Cumin 
* Numbers in parentheses represent the scientific works reported for each application 
 
3.8. CONCLUSION 
 
The scopes shown in this review show that spectroscopy can be a fairly efficient 
technology for spice authentication. Specific technologies such as NIR, FT-IR and Raman 
spectroscopy have allowed the development of efficient and robust methods to determine 
contaminants in species such as paprika, turmeric, curry and other powdered species. For 
their part, HSI and HSI-Raman have allowed the acquisition of valuable chemical 
information from the entire spatial region of the sample, overcoming the problem of the 
heterogeneity of powder samples, and generating chemical maps that allow observation 
of the distribution of adulterants. However, both techniques have been little explored for 
spices’ authentication, probably because the large amount of information requires a 
longer analysis time. NMR seems to be the most efficient technique for authenticating 
spices and herbs, grouping them by origin and detecting the presence of one species 
within another based on differences in their metabolomics profile. 
PCA, PLS-DA and PLS are the multivariate analyzes with the greatest presence 
in spices’ authentication investigations using spectroscopy, but others classification 
algorithms as SIMCA, K-NN o SVM should be tested. 
Portable devices are preferred by the industry for quicker and easier control 
throughout the entire supply chain. However, there is a lack of research using portable 
devices in the control of spice fraud, New robust and precise models must be developed 
using portable devices, which allow the use of technology to be democratized, and can 
even be used by retail traders. On the other hand, data fusion is a data analysis strategy 
that could be quite useful in situations where spectroscopic techniques alone do not 
achieve the required efficiency. Big data is an unexplored technology for the control of 
fraud in the spice supply chain. However, with the advance in the development of 
technology, the communication between instruments via the network and the 
development of novel statistical methods for the complex analysis of data, this technology 
could make a noticeable difference in the form of fraud control and in the traceability of 
contaminated products.  
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Finally, it is known that the non-targeted techniques developed to date are 
exclusive for an adulterant in a single matrix (for example, Sudan I in paprika), which 
dissuades scammers from its use, and may attempt them to migrate to other types of 
adulterant chemicals that generate similar results. Therefore, the continuous development 
of analytical methodologies seems to be the appropriate way to avoid food fraud in spices. 
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Abstract 
 
Paprika powder is a widely consumed spice, making it an attractive target for adulteration, 
which is not easily detected. In this study, a portable near-infrared (NIR) spectrometer 
was used for fast detection of paprika adulteration. Nine paprika samples from five 
suppliers were adulterated with potato starch, acacia gum and annatto at different 
concentrations (0 to 36% by weight of potato starch and acacia gum, and 0 to 18% by 
weight of annatto). The NIR spectrum of each mixture (n = 315) was used as predictors 
to determine adulteration by partial least squares-discriminant analysis (PLS-DA) and 
partial least squares regression (PLSR). First, PLS-DA was applied to discriminate 
between adulterated and non-adulterated samples, as well as the type of adulterant. This 
method proved to be efficient, with specificity greater than 90% and error rate lower than 
2%, for all models constructed. PLSR was used to predict the concentration of adulterants 
in paprika samples. In addition, PLSR models with reduced number of wavelengths 
(predictors) were built by selecting the variables with larger weights on the regression 
coefficients. Coefficient of prediction (R2p) and root mean square errors of prediction 
(RMSEP) obtained were 0.95 and 2.12; 0.97 and 1.68; 0.87 and 1.74, for potato starch, 
acacia gum and annatto, respectively. In conclusion, results showed that NIR 
spectroscopy is a useful screening technique for identification and quantification of 
adulteration in paprika. 
 
 
 
Keywords:  spices, chemometrics, authentication, food. 
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4.1. INTRODUCTION 
 
In recent years, paprika powder has become one of the most widely consumed 
spices in several segments of the food industry (van Asselt, Banach, & van der Fels-Klerx, 
2018). Paprika may be used as a food additive, acting as both a natural dye and a 
flavouring agent. The use of paprika as a natural dye is due to its diverse composition, 
containing more than 20 different carotenoid pigments, responsible for its reddish color 
(Deli, Matus, Molnár, & Tóth, 2001). For this reason, paprika is present in various 
processed foods, which makes it valuable and susceptible to food fraud (CBI, 2015; 
Galvin-King, Haughey, & Elliott, 2018). 
Usually, fraud occurs by partial substitution of a component or false declaration 
of information regarding the composition, origin, or quality of the food (Barreto, Cruz-
Tirado, Siche, & Quevedo, 2018). The main motivation for adulterating spices is 
economic, either because adulterants used are cheaper or they are added to cover the bad 
quality of the original product, and consequently to increase the price of the product 
(Galvin-King et al., 2018). In that case, potato starch, acacia gum, and annatto are food 
grade compounds, which have a low market value and, therefore, may become potential 
adulterants for paprika and other spices, basically aiming at volume gain and, 
consequently, an increase in sales profits to the detriment of product quality. 
Analytical techniques have been suggested to analyse and detect fraud in spices 
(Reinholds, Bartkevics, Silvis, van Ruth, & Esslinger, 2015), such as the use of 
microscopy techniques (Tremlová, 2001), polymerase chain reaction (PCR) (Dhanya, 
Syamkumar, & Sasikumar, 2009), and high-performance liquid chromatography (HPLC) 
with detection by ultraviolet-visible (UV-vis) (Ertaş, Özer, & Alasalvar, 2007) and/or 
mass spectrometry (Chandra, Bajpai, Srivastva, Kumar, & Kumar, 2014). Although the 
mentioned techniques have been successfully applied in the identification of spice 
adulteration, their use is costly and time-consuming. 
In contrast, spectroscopic techniques are a promising for food safety evaluation 
and control (Qu et al., 2015) as well as the detection of food fraud mainly in herbs and 
spices (Oliveira, Cruz-Tirado, & Barbin, 2019). NIR spectroscopy is a non-destructive 
technique already consolidated for analytical purposes, widely used in process control 
and in qualitative and quantitative analyzes in the most varied segments of the food 
industry (Porep, Kammerer, & Carle, 2015; Grassi & Alamprese, 2018). In combination 
with chemometric tools, NIR spectroscopy can be used to discriminate between pure and 
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adulterated powdered spices and quantify the adulteration content (Galvin-King et al., 
2018; Su & Sun, 2018). Also, benchtop NIR spectrometer has been used for the analysis 
of some spices such as black pepper (McGoverin, September, Geladia, & Manley, 2012), 
saffron (Petrakis & Polissiou, 2017), garlic and onion powder (Lohumi et al., 2014; 
Lohumi, Lee, & Cho, 2015), and oregano (Black, Chevallier, & Elliott, 2016). 
On the other hand, advanced techniques allow miniaturization of optical 
components without excessive loss of performance. Portable near infrared (NIR) 
spectrometer are powerful instruments offering several advantages for nondestructive, 
online, or in situ analysis: small size, low cost, robustness, simplicity of analysis and 
portability (Teixeira Dos Santos, Lopo, Páscoa, & Lopes, 2013). Although there are many 
works using portable spectrometers in food (Ellis, Muhamadali, Haughey, Elliott, & 
Goodacre, 2015; Liu et al., 2018) studies involving adulteration in powdered paprika have 
not been reported. 
In order to contribute to detection of food fraud, a portable NIR spectrometer 
combined with chemometric methods of partial least squares discriminant analysis (PLS-
DA) and partial least squares regression (PLSR) was used for rapid screening of 
economically motivated adulteration of paprika with potato starch, acacia gum and 
annatto. 
 
4.2. MATERIALS AND METHODS 
 
4.2.1. Materials 
 
Three types of paprika were evaluated in this research: sweet, smoked, and spicy. 
They were purchased from five local suppliers from Campinas (São Paulo, Brazil) and 
stored hermetically at 25 °C. Potato starch and annatto were purchased in the local market 
of Campinas, and acacia gum was supplied by DinâmicaR (Química Contemporânea 
Ltda). Pure samples were stored in a glass vessel at dark, dry atmosphere before analyses. 
 
4.2.2. Preparation of the samples 
 
The concentrations established in this study were chosen according to the purpose 
of adulteration, i.e., with economically relevant levels of adulteration. Potato starch and 
acacia gum were added at concentrations ranging from 0 to 36% (w / w), and annatto 
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from 0 to 18% (w / w). Samples were weighed (RADWAG Balances & Scales, Poland) 
as 10 g of total sample (paprika plus adulterant). A total of 315 samples were prepared, 
being 171 samples for calibration of the model and the remaining 144 as prediction set 
(test set). Before the spectroscopic analyses, samples were homogenized using a vortex 
(Fisatom, Brazil) to minimize possible dispersion effects inherent to grain size. 
 
4.2.3. Acquisition of NIR spectra 
 
Pure and adulterated samples obtained were arranged and compacted in Petri dishes 
(Ø = 60 mm), always maintaining a uniform thickness. Subsequently, a portable 
spectrometer (DLPR NIRscanTM Nano, Texas Instruments, USA), in absorbance mode 
with a 10 W halogen bulb as the source and an InGaAs as the detector, was used to obtain 
the NIR spectra operating at 900 - 1700 nm with intervals of 4 nm. The Petri dishes 
containing the samples were positioned, one at a time, on the beam of light emitted by the 
apparatus. For each sample, 5 measurements were carried out using the software 
NIRscanTM Nano software for spectra acquisition, at different points on the plate in order 
to get a better representation. 
 
4.2.4. Data analyses 
 
Spectral data set was pre-treated to eliminate baseline dispersion and random noise 
(Smoothing, Baseline, first (1D) and second (2D) derived), and the impact of particle size 
(multiplicative scatter correction (MSC) and standard normal variate (SNV)). 
Subsequently, pre-treated spectra were used for classification models. In addition, for 
PLSR models, as an alternative to MSC, an orthogonal signal correction (OSC) was 
applied to improve the capacity of calibration models. These pre-treatments were tested 
individually and in combinations. After, spectra were pre-processed using mean centring 
or autoscaling. 
PLS-DA was used to build the classification models for NIR spectra of pure and 
adulterated paprika samples (Barker & Rayens, 2003) (Table 1). Model performance was 
evaluated by sensitivity (Equation 1), specificity (Equation 2), and classification error 
(Equation 3) of calibration and prediction. Sensitivity is the ratio between number of 
samples predicted to belong to the class and the number of samples that belong to the 
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class. Specificity is the ratio between number of samples predicted to not be in the class 
and the actual number that are not in the class. 
 
TP
Sensitivity
TP FN
=
+  (1) 
TN
Specificity
TN FP
=
+  (2) 
FP FN
Error
TP TN FP FN
+
=
+ + +  (3) 
 
where TP is true positive, TN is true negative, FN is false negative, and FP is false 
positive. TP is the number of samples that belong to the class i classified as belonging to 
the class i. TN is the number of samples that do not belong to the class i classified as not 
belonging to the class i. FN is the number of samples that belong to class i not classified 
as belonging to the class i. FP is the number of samples that do not belong to the class i 
classified as belonging to the class i. The spectral pre-treatment methods and PLS-DA 
models were performed in Matlab R2019a (Math Works, Natick, USA) using algorithms 
written in Multivariate Chemical Data Analysis (MCDA). 
PLSR models were evaluated using statistical parameters such as the root mean 
square error (RMSE) and coefficient of determination (R2) (Ferreira, 2015). The 
performance of PLSR calibration models could be improved by selecting the most 
relevant wavelengths, improving prediction efficiency and reducing model complexity 
(Andersen & Bro, 2010). In addition, for PLSR models, as an alternative to MSC, an 
orthogonal signal correction (OSC) was applied to improve the capacity of calibration 
models. Therefore, in this work was adopted a customized method of variable selection 
using the regression coefficients of each model. All calculations were performed in The 
Uscrambler X 10.4 2016 (CAMO AS, Trondheim, Norway). 
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Table 1. PLS-DA models of pure paprika samples and its adulterants 
    Class Cal Pred Pre-treatment 
Model 1 
Pure Paprika 1 40 17 
MSC + Auto 
Paprika + Potato starch 2 54 45 
Model 2 
Pure Paprika 1 40 17 
1a Deriv (9)* + MC 
Paprika + Acacia gum 2 54 45 
Model 3 
Pure Paprika 1 40 17 
1a Deriv (3)* + Auto 
Paprika + Annatto 2 54 41 
Model 4 
Pure Paprika 1 40 17 
1a Deriv (9)* + Auto 
Paprika + Potato starch 2 54 45 
Paprika + Acacia gum 3 54 45 
Paprika + Annatto 4 54 41 
Cal: calibration set; Pred: prediction set; MSC: multiplicative scatter correction; Auto: autoscaling; Deriv: 
derivative; MC: mean center. * point numbers of window 
 
4.3. RESULTS AND DISCUSSION 
 
4.3.1. NIR espectra 
 
Figure 1 shows the average NIR (900 to 1700 nm) spectra the pure samples of 
potato starch, acacia gum, annatto and paprika powders. Potato starch spectra, acacia gum 
and annatto are visually different from each other and distinct from pure paprika sample. 
The differences between the spectra of the different samples may be related to C-
H and CH2 vibrations attributed to absorbance peaks related to fatty acids, where the range 
of 1718-1760nm and the range of 1100-1390 nm are related to the first and second 
overtone of the C-H stretching, respectively. The band located at 1550 nm may be related 
to N-H stretching of protein. The precise position of these bands is very sensitive to the 
hydrogen bonding in the starch molecule (Osborne, Fearn, & Hindle, 1993; Williams & 
Norris, 1987).  
It is difficult to identify adulterated samples only by visual inspection of the 
spectra, because of overtones and combinations of absorption bands characteristic of the 
NIR spectral data (Stuart, 2000). Hence, chemometric methods are necessary to establish 
detection patterns and to identify adulterated paprika samples. 
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Figure 1. NIR averaged raw spectra of pure samples of paprika (red), potato starch (blue), 
acacia gum (green) and annatto (yellow). 
Source: the author himself 
 
4.3.2.  Evaluation of adulteration  
 
The classification by PLS-DA was used to detect the adulteration and to identify 
the type of adulterant used. In addition, as an attempt to improve the characteristic sought 
in the spectra by reducing the variability that is not related to the information of the 
sample of interest, several pretreatment methods were avaluated (Rinnan, Berg, van den, 
& Engelsen, 2009). To define the best pre-treatment or the set of them (Table 1), we 
assessed selectivity, specificity and error rate. Although auto-scaling is not recommended 
for spectroscopy data (Ferreira, 2015), this pre-processing was the one that presented the 
best results in the PLS-DA classification. Possibly, this happened because the auto-
scaling attributed better weights to the most important variables, considering that not all 
the variables with high intensity of absorbance are necessarily relevant for class 
distinction. On the other hand, the models obtained when these data were centered in the 
average presented a decrease in the predictive capacity, mainly the model of 4 classes 
(supplementary material). In summary, the distinct results obtained for the pre-processing 
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may be related to the quality of the spectral information provided by the NIR, which is 
often not clear. 
In principle, individual models of two classes were built using PLS-DA for 
discrimination of pure and adulterated paprika samples. For each model, 94 samples were 
used in the calibration set and 62 in the test set. In the PLS-DA model for detection of 
potato starch (Model 1), the first 6 LVs explained 98.5% of the total (X) data 
variance,while in the model for detection of acacia gum (Model 2), the first 3 LVs were 
able to explain 75.9% of the total variance. For detection of annatto (Model 3), the first 9 
LVs represented 95.5% of the total variance. Since only one paprika sample adulterated 
with potato starch and two paprika samples adulterated with acacia gum were erroneously 
classified as pure paprika in calibration (Figure 2), it is possible to say that the PLS-DA 
method presented high sensitivity and specificity (Table 2). The percentage of correctly 
classified samples was 99%, 98% and 100% in the potato starch, acacia gum and annatto 
models, respectively. 
Finally, the predictive capacity of the models was evaluated using an external 
validation set. Only one sample adulterated with potato starch was misclassified as pure 
paprika in prediction (Figure 2A), and all samples adulterated with acacia gum and 
annatto were correctly classified (Figure 2B and 2C), demonstrating the potential of the 
models. 
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Figure 2. PLS-DA classification plot for: (A) pure paprika (red circles) and paprika 
adulterated with potato starch (0 to 36% w/w) (blue squares), (B) acacia gum (0 to 36% 
w/w) (green diamond) and (C) annatto (0 to 18% w/w) (yellow triangle). The samples of 
each class allocated in the test set are represented by the same unfilled figures of the 
respective colors. The black dotted line indicates the class threshold value. 
Source: the author himself 
 
After, PLS-DA was used to identify the type of adulterant present in paprika 
(Model 4). 202 samples were used in the calibration set and 148 samples in the test set. 
Then, a four-class model was established: unadulterated samples (class 1), samples 
adulterated with potato starch (class 2), samples adulterated with acacia gum (class 3), 
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and samples adulterated with annatto (class 4). In this four-class PLS-DA model, the first 
6 LVs were used in the total and were responsible for 73% of the variance. 
Figure 3 shows the assignment of PLS-DA samples to each of the predefined 
classes, where the horizontal line represents the threshold for classification. Regarding 
the calibration model, all pure paprika samples were correctly classified in class 1 (Figure 
3A, predicted values above the threshold). Also, some samples of starch and gum were 
classified as pure paprika (Figure 3A, predicted values above the threshold). On the other 
hand, a starch sample was misclassified (Figure 3B, predicted values below the 
threshold), similarly to some samples of pure paprika that were classified as adulterated 
with starch (Figure 3B, predicted values above the threshold). In addition, all acacia gum 
samples were correctly classified in class 3 (Figure 3C, predicted values above the 
threshold) and the other samples were classified as not belonging to this class (Figure 3C, 
predicted values below the threshold). Finally, all annatto samples were correctly 
classified (Figure 3D). 
Regarding the prediction models, some samples of pure paprika were 
misclassified (Figure 3A, values predicted below the threshold) and some samples of 
starch and acacia gum were classified as pure paprika (Figure 3A, predicted values above 
the threshold). In contrast, all starch samples were correctly classified in class 2 (Figure 
3B, predicted values above the threshold) and some samples of pure paprika were 
classified as starch-adulterated (Figure 3B, predicted values above the threshold). 
Similarly, all acacia gum samples were correctly classified in class 3 (Figure 3C, 
predicted values above threshold). Some samples of pure paprika and starch were 
classified as adulterated with acacia gum (Figure 3C, predicted values above the 
threshold). All annatto samples were correctly classified (Figure 3D). 
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Figure 3. PLS-DA classification plots for the four classes of adulterated paprika 
according to the type of adulterant: (A) pure paprika (class 1; red circles), (B) potato 
starch (class 2; blue squares), (C) acacia gum (class 3; green diamonds) and (D) annatto 
(class 4; yellow triangles). The test set samples of each class are represented by the same 
unfilled figures of the respective colors. The black dotted lines indicate the class threshold 
values. 
Source: the author himself 
 
An adulterated sample recognized as pure characterizes a false positive. Else, 
when pure samples are recognized as adulterated, it characterizes a false negative. These 
results, expressed in terms of sensitivity and specificity, are shown in Table 2. The results 
presented here for PLS-DA classification models were consistent with other studies 
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involving the detection of adulteration in paprika (Di Anibal, Rodriguez, & Albertengo, 
2014), curry, turmeric and paprika (Di Anibal, Ruisánchez, & Callao, 2011) and saffron 
(Petrakis & Polissiou, 2017) using spectroscopy techniques. 
 
Table 2. Classification parameters estimated for discrimination of pure and adulterated 
paprika and for the identification of type of adulterant present in paprika by PLS-DA 
model 
 
Model 1 Model 2 Model 3 
  Class 1 Class 2 Class 1 Class 2 Class 1 Class 2 
LVs 6 3 9 
Sensitivity (Cal) 1.00 0.98 1.00 0.96 1.00 1.00 
Sensitivity (Pred) 0.94 1.00 1.00 1.00 1.00 1.00 
Specificity (Cal) 0.98 1.00 0.96 1.00 1.00 1.00 
Specificity (Pred) 1.00 0.94 1.00 1.00 1.00 1.00 
Error (Cal) 0.01 0.01 0.02 0.02 0.00 0.00 
Error (Pred) 0.01 0.01 0.00 0.00 0.00 0.00 
 Model 4 
  Class 1 Class 2 Class 3 Class 4  
LVs  6  
Sensitivity (Cal)  1.00 0.96 1.00 1.00  
Sensitivity (Pred)  0.76 1.00 0.98 1.00  
Specificity (Cal)  0.99 1.00 0.99 1.00  
Specificity (Pred)  0.99 0.98 0.98 1.00  
Error (Cal)  0.01 0.01 0.01 0.00  
Error (Pred)  0.03 0.01 0.02 0.00  
LVs: number of latent variables; Cal: calibration set; Pred: prediction set. Model 1: pure paprika (class 1) 
and paprika plus starch (class 2). Model 2: pure paprika (class 1) and paprika plus acacia gum (class 2). 
Model 3: pure paprika (class 1) and paprika plus annatto (class 2). Model 4: pure paprika (class 1), paprika 
plus starch (class 2), paprika plus acacia gum (class 3), and paprika plus annatto (class 4). 
 
4.3.3.  Quantification of adulterants 
 
The pre-treatments that best fit the spectral data of potato starch (Smoothing + 
1D), acacia gum (SNV) and annatto (Smoothing + 1D), in the construction of PLSR 
models, were chosen from the evaluation of the R2 and RMSE of prediction (see 
supplementary material). Based on the analysis of these statistical parameters, the 
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complete calibration models obtained from the raw spectral data presented good results 
and predictive capacity. The regression models with reduced number of wavelengths 
(PLSR-Reduced) were obtained from the complete models (PLSR-Full) with the best pre-
treatments (Table 3), using the selection of variables from the regression coefficient. 
In PLSR calibration, the spectral responses of paprika and adulterants are closely 
related to their compositions. The paprika has in its constitution some color compounds 
(green chlorophylls, orange-yellow lutein, zeaxanthin, violaxanthin, antheraxanthin, β-
cryptoxanthin and β-carotene) (Deli et al., 2001). In addition, paprika oleoresin contains 
a complex blend of essential oils, waxes, colored materials and various capsaicinoids. It 
also contain resin acids and their esters, terpenes and oxidation products or 
polymerization of these terpenes (Deli et al., 2001). On the other hand, potato starch and 
acacia gum presented a certain similarity in the wavelength range used for their respective 
models. Probably, this is due to the similar composition of these two adulterants, since 
they are mostly constituted by polysaccharides, which present spectral responses at 
similar wavelengths. On the other hand, in addition to the well-known natural bixin dye, 
annatto also contain a lipid fraction rich in tocotrienols (Albuquerque & Meireles, 2012; 
Costa et al., 2013) as well as geranilgeraniol (Häberli & Pfander, 1999; Silva, Zabot, & 
Meireles, 2015). 
By evaluating the wavelengths selected for each adulterant (Figure 4), the 
wavelength of 1435 nm can be associated to the first overtone and combinations of O-H 
stretching related to water. For the PLSR-Reduced models, the selected variables are 
mainly related to the second overtone of the stretching of C-H bonds (1100-1225 nm), 
the combinations of the C-H bands (1300-1420 nm), the first overtone of the O-H 
stretching or with the first overtone of N-H stretching (1400-1500 nm), and the first 
overtone of the C-H stretching (1600-1750 nm).  
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Figure 4. Regression coefficient for selection the wavelengths for obtained the PLSR-
Reduced model of (A) potato starch, (B) acacia gum and (C) annatto. The infinite norm 
was applied in regression coefficients. 
Source: the author himself 
 
Although PLSR-Reduced did not show significant improvement over PLSR-Full, 
it is advisable to use reduced models, since they provide good results using a smaller 
number of variables, optimizing the time for computation and data processing. The PLSR-
Full and PLSR-Reduced models presented different percentages of variance explained by 
the spectral data of potato starch (PLSR-Full = 97.4%, PLSR-Reduced = 97.8%), acacia 
gum (PLSR-Full = 98.6%, PLSR-Reduced = 98.2%) and annatto (PLSR-Full = 96.1%; 
PLSR-Reduced = 95.2%). Figure 5 shows the correlation of predicted and actual values 
for calibration and prediction PLSR-Reduced models. 
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Figure 5. PLSR-Reduced regression plots of actual versus calculated percentages in the 
calibration and prediction set of potato starch (A e B), acacia gum (C e D) e annatto (E e 
F), of customized-selected variables, from PLSR-Full models' regression coefficients. 
The figures A, C e E are of calibration models and B, D e F are of prediction models. 
Source: the author himself 
 
Therefore, according to the quality parameters evaluated (R2p e RMSEP), PLSR-Reduced 
models for potato starch, acacia gum and annatto showed to be quite efficient in predicting 
levels of powdered paprika adulteration (Table 3). In general, the results obtained for the 
PLSR-Reduced models were corroborated by other studies involving the determination 
of adulteration in spices and herbs (Haughey, Galvin-King, Ho, Bell, & Elliott, 2015; Kar, 
Tudu, Bag, & Bandyopadhyay, 2018; McGoverin et al., 2012; Wu, Zhu, Huang, & Xu, 
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2017). However, the predictive quality of the model obtained for annatto was inferior to 
that of potato starch and acacia gum. Two hypotheses can be inferred from these results.  
The pre-treatment method and the selection of variables applied to the spectral 
data can influence the performance of the PLSR models, in the same way as it was seen 
in the works performed by Moros et al., (2008) and Lohumi et al., (2015), respectively. 
Hence, PLSR calibration could be used to determine the levels of adulteration in paprika 
powder quickly and efficiently, with little or no need for sample preparation. In addition, 
the measurements can be performed for control of a large number of samples. 
 
Table 3. Quality parameters of PLSR-Reduced models for NIR spectra 
                                                             PLSR 
Adulterant 
Spectral 
pretreatment 
              Calibration set (n = 171)                 Prediction set (n = 144) 
  LVs R2cal RMSEC** R2cv RMSECV** R2p RMSEP** 
Potato 
Starch 
1D* 5 0.978 1.76 0.971 2.09 0.948 2.12 
Acacia 
Gum 
SNV 4 0.982 
1.58 0.979 1.77 
0.968 
1.68 
Annatto 1D* 3 0.952 1.21 0.944 1.33 0.874 1.74 
LVs: number of latent variables; R2cal: determination coefficient of calibration; RMSEC: root mean square 
error of calibration; R2cv: determination coefficient of cross-validation; RMSECV: root mean square error 
of cross validation; R2p: determination coefficient of prediction; RMSEP: root mean square error of 
prediction. *pre-smoothing applied; **Units of each property. 
 
4.4.  CONCLUSIONS 
 
This work showed that a portable NIR spectrometer is able to qualitatively and 
quantitatively predict adulteration of paprika powder. NIR spectroscopy associated with 
chemometric tools were used to detect and quantify adulteration in paprika. PLS-DA 
successfully differentiated adulterated samples from pure samples and detected the type 
of adulteration in these samples. The most difficult prediction was for samples adulterated 
with annatto. Therefore, this technique seems promising in the effective detection and 
quantification of adulteration for spices. Besides, it does not require the use of chemicals 
and sophisticated laboratory with well trained staff to carry out the analyses. NIR 
spectroscopy is fast and offers accurate results for the authenticity analyses in agricultural 
and food products. 
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5.1. DISCUSSÃO GERAL 
 
Num primeiro momento, foi feita uma inspeção visual dos espectros de páprica 
pura, das misturas (páprica + adulterante) e dos adulterantes na tentativa de visualizar 
possíveis outliers no conjunto de dados. Em resumo, foi observado que as três amostras 
de pápricas puras mostraram características espectrais semelhantes, mas com diferentes 
valores de absorbância. Já os espectros de fécula de batata, goma arábica e urucum são 
visualmente diferentes entre si e distintos das amostras de páprica pura. Além disso, é 
difícil identificar amostras adulteradas apenas por inspeção visual dos espectros brutos 
das misturas obtidas. Isso provavelmente se deve a sobretons e combinações de bandas 
de absorção muito comuns em dados de espectroscopia NIR. Dessa forma, métodos 
quimiométricos são necessários para estabelecer padrões de detecção e para identificar 
amostras de páprica adulteradas. 
Para a detecção da páprica adulterada, modelos PLS-DA foram construídos com 
base em diferentes métodos de pré-processamento, utilizando toda região espectral. 
Avaliando os parâmetros sensibilidade, especificidade e taxa de erro dos modelos obtidos 
pode-se considerar que a espectroscopia NIR foi eficiente na detecção das amostras de 
páprica adulteradas, assim como o tipo de adulteração nessas amostras. Além disso, com 
a aplicação bem-sucedida desses modelos PLS-DA às amostras de páprica, vemos como 
promissora a implementação deles em procedimentos de triagem on-line desses produtos. 
Os modelos para fécula de batata (R2p = 0,948/ RMSEP = 2,12) e goma arábica 
(R2p = 0,968/ RMSEP = 1,68), foram melhores que para o urucum (R
2
p = 0,874/ RMSEP 
= 1,74). Apesar de visivelmente homogêneas, as amostras podem ter apresentado algum 
tipo de heterogeneidade devido a etapa de mistura não ter sido tão efetiva ao ponto de 
dispersar adequadamente o urucum nas amostras de páprica. Nesse caso, a espectroscopia 
NIR pôde ter apresentado algumas dificuldades de obter informações químicas 
representativas, o que impede a reprodução das fontes de variação importantes para a 
construção do modelo. Em geral, os resultados obtidos para os modelos PLSR foram 
coincidentes aos resultados obtidos em outros estudos, quando ervas e especiarias foram 
examinadas. Com isso, fica evidente que o método de pré-processamento adotado, e o de 
seleção de variáveis pode influenciar na qualidade dos modelos PLSR. 
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6.1. CONCLUSÃO GERAL 
 
De forma geral, foram obtidos bons resultados com a classificação PLS-DA, o que 
mostra a eficiência do método utilizado para garantir a autenticidade de especiarias como 
a páprica. Os resultados obtidos com a calibração PLSR demostraram que os dados 
espectrais de NIR foram capazes de prever o nível de adulteração em amostras de páprica 
em pó, com algumas ressalvas para o caso do urucum. Com esta acurácia, a calibração 
PLSR poderia muito provavelmente ser empregada na indústria para a determinação dos 
níveis de adulteração nesses produtos de forma rápida e eficaz, com pouca ou nenhuma 
necessidade de preparo de amostra. Além disso, essas medidas podem ser coletadas na 
linha de produção para um controle mais exaustivo de um grande número de amostras. 
 Portanto, essa técnica parece promissora na detecção e quantificação eficaz, da 
adulteração na indústria de ervas e especiarias, além de não usar produtos químicos, e 
também não exigir um laboratório sofisticado ou pessoal bem treinado para realizar as 
análises. Além disso, para medições de controle de qualidade, a espectroscopia NIR é 
rápida e oferece uma solução para análise de autenticidade de produtos agrícolas e 
alimentícios.
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